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Abstract
Postural instability is a main problem astronauts face upon return to Earth following space flights. The
causes of postural instability include orthostatic intolerance, modified vestibular functions, and altered
muscle gains. This thesis investigates the modifications in human walking gait following exposure to
simulated Martian gravity by examining the ground reaction force, muscle electromyogram, and joint
kinematics of the lower body extremities.
The "Moonwalker II" simulator, designed and developed with features such as modularity, stability,
and versatility, closely simulates a partial gravity environment on the lower extremities. An experiment
utilizing the Moonwalker II is designed to test three hypotheses including (1) a partial gravity simula-
tor utilizing suspension technique is effective in inducing the heavy legs phenomena characterized by
lower than normal muscle gain, (2) the changes in human walking gait following partial gravity simu-
lation can be found in ground reaction force, muscle activation, and joint kinematics, and (3) exercise
can enhance readaptation to Earth gravity following partial gravity exposure. Twelve healthy subjects
are tested before and after Martian gravity simulation to determine the effects of partial gravity adapta-
tion on walking performance. The effect of countermeasure (i.e., jumping with extra weight) on human
walking gait readaptation post simulation is also tested. The measurements chosen for analysis include
ground reaction force first and second peaks, electromyogram integrated linear envelope, maximum
joint angle amplitudes, and phase plane data.
An increased ground reaction peak amplitudes (first and second peaks), reduced muscle activities in
three of the four muscles (biceps femoris, tibialis anterior, and gastrocnemius), and increased joint
maximum angles are found after the Martian gravity simulation (p <0.05). In addition, jumping with
extra weights is effective in reducing the walking gait deviation from the baseline 1 G condition. These
results suggest that after the simulated partial gravity exposure, the subjects walk with an altered gait
that features an increased downward center of mass acceleration, reduced muscle activity, and
increased maximum joint angles.
Thesis Advisor: Professor Dava J. Newman
Title: Associate Professor of Aeronautics and Astronautics
5
6
ACKNOWLEDGMENTS
"I Believe I can Fly, I Believe I can Touch the Sky...". This has been my favorite phrase for this year and
now I know why, because with faith, confidence, and perseverance, anything can be accomplished
including this thesis. Yet, I truly believe that without the help of many individuals, I would not have
been in such a happy moment today. With that being said, I would like to express my deepest gratitude
to everyone that helped me finishing up but especially
-to Professor Dava Newman for your dearest guidance in the past two years. Thank you for granting
me such a wonderful opportunity in my life to study at MIT. It was one of my happiest moments when
I found out I got accepted to MIT. Thank you for having me to work with you. Thank you for believing
in me, and giving me confidence when I felt down because for a moment, I thought I was going to stay
here for another decade. Thank you for making me feel like home when I first came to this brand new,
and somewhat intimidating academic environment. Thank you for being a wonderful mentor, teacher,
and friend. Your presence simply has made my experience here a truly enjoyable one! Oh yeah, see
you at the Iron-Man one of these days.
-to Dr. Carol Tucker for all your help in mastering this thesis. Without your help, I would be still
searching for a lab space to do my experiments right now. Thank you for all the experimental equip-
ment that you provided. Thank you for being who you are. You are just one of the coolest persons I've
ever known. A huge gigantic hug to you. I still owe you a big dinner at the Hub.
-to Alan Natapoff. Thank you for all your guidance in my experimental design and statistical analy-
sis. You've made my life so much easier. After all, Systat is pretty fun to use.
-to Dick P. and Don Wiener for helping me in designing the Moonwalker II.
-to all my UROPS who helped me in the experiment. Especial thanks to Jon, Dave, Dean, Rachel,
and Alan. Thank you for doing all the boring works for me.
-to Professor Young and Dr. Oman for allowing me to be part of the MVL.
-to all MVLers for being who you are.
-to Joe for all your generous knowledge in engineering control theories. Thank you all these time for
giving me your most trustworthy opinions/advice. Especially for helping me to solidify my thesis topic
and providing me with invaluable ideas. Thank you for the guitar lessons 'cause I know I have the
chance to be a great guitar player.
-to Amir for you unconditional help all these years. You've made my life here almost effortless. I
can't return your favors on a monetary basis because I would be very broke if I pay you a dollar for
each favor you did for me. I can guarantee you though I'll hire you as the VP if I become the CEO of a
company.
7
Acknowledgments
-to Suezer, Luca, Natasha. Thank you for being such great friends. Remember the time when we first
got here? Hah hah, can't believe it's been two years already, Thanks for all the great time at coffee
hours, movies, Cape Cod and the pubs.
-to Kathy for your motivation which got me into running, I'll never forget the time when I couldn't
keep up with you and had to take the taxi back from our first long run. Hahaha...But hey, I did finish
the Boston Marathon. Thank you for proofreading my thesis. Thank you for the enjoyable, yet some-
times out-of-control drinking moments. Thank you for the stressful, but rewarding time together in fin-
ishing up the never-ending artificial gravity project for Dava's class, how many all-nighters we pulled
out?
-to Lisette, Bryant, Patricia, and Ben for being such wonderful friends and office mates. Keep up the
good run Lisette, and I'll see you in the next Boston Marathon. Thanks Ben for your German Choca-
late.
-to all my dearest, courageous, fearless, and brave-hearted Moonwalker subjects. To Patricia, Emer-
son, Hon Fai, Dava, Zony, Lisette, Hutch, Masa, Dave, Joe, Sue, Luca, Rosemary and myself. God,
thank you for participating in my experiments. I was so afraid I have to redo the experiment because I
knew I would never be able to find any subjects. Your guys deserve my utmost respectful appreciation.
Thank you guys, you saved my career.
-to my roommates Emo, HF, and J-dog, thanks for put up with my Karaoke performance at home, I
still believe I have a pretty good voice.
-to Emerson for proofreading for my thesis, sorry for the grammatical errors. Thank you for all the
rides to our hang-out places. Yeah, next year I will beat you in the B-town Marathon, so watch out.
What can I said man, it's been my greatest pleasure knowing you.
-to Hon Fai for being such a cool roommate. Thank you for letting me use your bike. Oh yeah, hope I
didn't wake you up too many times when I sang in the morning. Thank you for all your CDs.
-to Jason, for all the sport watching events, drinking moments, working-out, basketball, and shooting
pool together. I still believe I can beat you in basketball in a best-of-seven series. J, it was truly fun
hanging out with you. You should root for the Terrapins over the Cats next year.
-and lastly and certainly most importantly, to my dearest family. I thank God every moment for hav-
ing such a great family.
-to Dad, your loving soul has been and will always be with me forever. I miss you.
-to Mom. Thank you for everything that I'm today. I'm coming home.
-to Allen and Jack, thank you for all the constant love and motivation. Brothers, I'm back and let's
conquer our dreams.
Thank you God, for giving me the strength and talents.
I'm outta here!
8
TABLE OF CONTENTS
Abstract...........
Acknowledgments...
Table of Contents ...
List of Figures......
List of Tables ......
List of Acronyms ...
1
1.1
1.2
1.3
1.4
.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .7
........ ................................. ... ...... ..... 9
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
. . .. . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. 17
. . .. . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .. 19
Introduction.
Motivation....
Contribution ..
Hypotheses ...
Thesis Outline.
21
23
24
25
25
2 Background............
2.1 Postflight Postural Response..
2.2 Countermeasures Used in the Human Space Programs . . .
2.3 Adaptation to and Readaptation from Space Flight ......
2.4 M uscle Physiology ...............................
2.4.1 General Muscle Anatomy ..........................
2.4.2 Muscle Contraction Mechanism .....................
2.4.3 Muscle Deconditioning during and after Space Flight ....
2.5 Human Gait in Locomotion ........................
2.5.1 Purpose of Gait .................................
2.5.2 Definitions of Human Gait .........................
2.5.3 What Measurements are Important? . . . . . . . . . . . . . . . . ..
2.5.4 Electromyogram .................................
2.5.5 Ground Reaction Force ............................
2.5.6 Kinem atics .....................................
2.6 Partial Gravity Simulation .........................
2.6.1 Parabolic Flight .................................
2.6.2 Neutral Buoyancy ................................
2.6.3 Suspension Systems ......
......... 27
........... 27
........... 30
........... 32
........... 36
........... 36
........... 37
........... 39
........... 40
........... 40
........... 40
........... 42
.. ..... 44
........... 47
........... 48
........... 49
........... 49
........... 5 1
.. . ... . . . .. . . . .. . . . . . . . . . . . . . . . . . . .. . . . . . .. ... . .. 5 3
9
. ..... 0. ......... .. ...
. . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . .. . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . .. . . . . . . .
.. ... . ... .. .. .. .. .. . .. .
. . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . .
. .. .. .. .. ..
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
0. . ... ..... . .. 0......0
. . . . . . . . . . . . . . . . . . . . .
. . ...... 0.... 0
. . . . . . . . . . . . .
. .. . .. .. . .. ..
. .. . .. .. . .. ..
. .. . .. .. . .. ..
. .. . .. .. . .. ..
. .. . .. .. . .. ..
. .. . .. .. . .. ..
. .. . .. .. . .. ..
. .. . .. .. . .. ..
. .. . .. .. . .. ..
. .. . .. .. . .. ..
. .. . .. . .. .. ..
. .. . .. . .. .. ..
. .. . .. . .. .. ..
Table of Contents
Moonwalker Design ...................
Description of the Original Moonwalker ........
Design and Construction of Moonwalker II .....
Preliminary Design ........................
Final D esign..............................
Trolley System ............................
Cable Wires, Springs and Electric Winch .......
H arness .................................
Advantages and Disadvantages of Moonwalker II
4 M ethods.........................................
4.1 Experimental Subjects ..................................
Experimental Apparatus ................
M oonwalker II........................
Ground Reaction Force .................
Electromyogram ......................
OPTOTRAK Motion Analysis System .....
Strain Gauge .........................
Data Acquisition and Processing Computers
Other Equipment ......................
Experimental Protocol ..................
Human Use Approval ..................
Subject Preparation ....................
Test Procedure ........................
Balanced Experimental Procedures ........
Data Processing ...............
Vertical Ground Reaction Force . .
Electromyogram ..............
Kinematics...................
Data Analysis.................
Cross Correlation ..............
Coefficient of Variation.........
Amplitude Analysis ............
Phase Plane Analysis ...........
4.5.5 Statistical Analysis ..........
10
....... 57
....... . 57
........ 59
........ 62
....... . 63
....... . 67
....... . 68
........ 71
........ 72
....... ... ...... 75
.................. 75
.75
.76
.77
.77
.79
.82
.83
.85
.85
.85
.86
.87
.93
.94
.95
.97
.97
.98
.99
.99
.99
100
100
3
3.1
3.2
3.3
3.4
3.4.1
3.4.2
3.5
3.6
4.2
4.2.1
4.2.2
4.2.3
4.2.4
4.2.5
4.2.6
4.2.7
4.3
4.3.1
4.3.2
4.3.3
4.3.4
4.4
4.4.1
4.4.2
4.4.3
4.5
4.5.1
4.5.2
4.5.3
4.5.4
. . . . . . . . . . . ..
.. .. .. .. .. .. .
.. .. .. .. .. .. .
. . .. .. .. .. .. .
. . .. .. .. ... . .
. . .. .. .. ... . .
. . .0 . . . . . . .-
.. .. . .. .. . .
.. .. . .. .. . .
.. .. . .. .. . .
. . .. . .. .. . .
.. .. . .. .. . .
. . .. . .. .. . .
Table of Contents
5 Results ...........................
5.1 Adaptation. .
5.1.1
5.1.2
5.1.3
5.1.4
5.2
5.2.1
5.2.2
5.2.3
5.3
5.3.1
5.3.2
5.3.3
6
6.1
6.2
6.3
6.4
6.5
6.6
6.6.1
6.6.2
6.7
References .................................
Appendixes
A Subject Consent Forms ...............
B Moonwalker Parts List ..................................
Experimental Procedures ............
Exact experimental procedures for each cycle..
Moonwalker Survey and Result ............
Subject Experimental Schedule ............
Ground Reaction Force Analysis ...
Electromyogram Analysis.........
Optotrak Data Analysis...........
Phase Plane Analysis ............
Readaptation Characteristics of Gait.
Ground Reaction Force Analysis ...
Electromyogram Analysis.........
Optotrak Data Analysis...........
Effectiveness of Countermeasures . .
Ground Reaction Force Analysis ...
Electromyogram Analysis.........
Optotrak Data Analysis...........
Discussion And Conclusions .. .
Experimental Constraints .........
R ecap.........................
Adaptation to Martian Gravity .....
Readaptation from Martian Gravity .
Countermeasures................
Recommendation For Future Work .
Experimental Protocols ...........
Additional Experiments ..........
Conclusion ....................
....... 161
........ 167
.. ... 169
............ 169
............ 170
............ 172
11
. . . . . . . . . . . . . . . . . .
C
C.1
C.2
C.3
. . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . .
. . . . . . I . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . .
103
103
103
110
117
118
125
125
126
132
136
137
138
140
143
143
144
145
149
151
153
153
153
154
157
. ... .. .. .. .. . ... . .. ...
. .. .. .. . .. .. . .. . .. . .. .
Table of Contents
D Statistics Table .................................................... 175
D.1 All Stride Comparison-Subject by Subject Analysis............................... 175
D.2 All Stride Comparison-Grouped Subject Analysis ................................ 180
D.3 Stride Group Comparison .................................................. 183
E MATLAB Scripts .................................................. 193
E. 1 Filtering Scripts ........................................................... 193
E.2 Norm alization Scripts ...................................................... 195
E.3 Analysis Scripts ........................................................... 198
12
LIST OF FIGURES
Chapter 2
Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:
Figure 2.6:
Figure 2.7:
Figure 2.8:
Figure 2.9:
Figure 2.10:
Figure 2.11:
Figure 2.12:
Figure 2.13:
Figure 2.14:
Figure 2.15:
Figure 2.16:
Figure 2.17:
Figure 2.18:
Chapter 3
Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4:
Figure 3.5:
Figure 3.6:
Figure 3.7:
Figure 3.8:
Figure 3.9:
Dynamometer ............................. 29
Averaged Postflight Strength Changes in Arm ..........
Averaged Postflight Strength Changes in Leg ..........
EMG Frequency Comparison .......................
Artificial Gravity 3-D Trade-Off Map ................
Skylab Countermeasures...........................
Adaptation Diagram ..............................
Readaptation Diagram.............................
Action Potential Propagation .......................
Stride C ycle ....................................
Characteristics of Human Gait ......................
Representative EMG Linear Envelope ................
Representative GRF ..............................
Representative Kinematics .........................
KC-135 and Trajectory ............................
Neutral Buoyancy Tank Simulation ..................
Body Incline Suspension System ....................
The Original Moonwalker..........................
The Varying Vertical Lifting Force Phenomenon. .
Moonwalker II Preliminary Design Concept .....
Moonwalker II Final Design ..................
Moonwalker II Schematic Drawing ............
Moonwalker II with Subject ..................
Moonwalker II Trolley System ................
Vertical Lifting Force Error ..................
Vertical Lifting Force Fluctuation ..............
Electric W inch..........................
.................... 29
30
31
33
34
35
35
38
41
43
46
47
49
50
52
55
56
59
63
64
65
66
68
69
70
.................. .......... 72
13
. . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . .
List of Figures
Figure 3.10:
Figure 3.11:
Chapter 4
Figure 4.1:
Figure 4.2:
Figure 4.3:
Figure 4.4:
Figure 4.5:
Figure 4.6:
Figure 4.7:
Figure 4.8:
Figure 4.9:
Figure 4.10:
Figure 4.11:
Figure 4.12:
Chapter 5
Figure 5.1:
Figure 5.2:
Figure 5.3:
Figure 5.4:
Figure 5.5:
Figure 5.6:
Figure 5.7:
Figure 5.8:
Figure 5.9:
Figure 5.10:
Figure 5.11:
Figure 5.12:
Figure 5.13:
Figure 5.14:
Figure 5.15:
H arness .............................................................. 73
Moonwalker II in Action .............................................. 74
Gaitway Treadmill.........................
Delsys EMG System .......................
OPTOTRAK System .......................
OPTOTRAK Position Sensor and its Coordinates
OPTOTRAK Control Unit...................
OPTOTRAK IREDS .......................
Strain Gauge and Display ...................
Strain Gauge Calibration ....................
Acquisition Systems Configuration ............
Subject Preparation ........................
Stride Cycle Determination using Two Methods .
Joint Angle Configuration ...................
Representative Mean GRF Profiles .............
Magnifies Versions of GRF1 and GRF2 .........
Mean GRF First and Second Peaks by Subjects ...
Mean GRF by Conditions ....................
Muscles Groups of the Lower Extremities .......
Representative Mean Integrated Linear Envelope Pi
Mean Integrated Linear Envelope by Subjects ....
Mean integrated Linear Envelope by Conditions . .
Representative Mean Joint Angle Profiles ........
Mean Maximum Joint Angles by Subjects .......
Mean Maximum Joint Angles by Conditions .....
Exemplar Phase Plane .......................
Box Plots for Phase Plane Variability ...........
GRF Mean Transient Response by Stride Numbers
GRF Mean Transient Response by Stride Groups. .
..78
..79
..80
..81
..81
..82
..83
..84
..85
..88
.. 96
..98
106
107
rofiles
.108
.109
.111
.114
.115
.116
.119
.120
.121
.122
.124
.127
.128
14
. . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . .
List of Figures
EMG Mean Transient Response by Stride Numbers ......................... 130
EMG Mean Transient Response by Stride Groups ........................... 131
Kinematics Mean Transient Response by Stride Numbers ..................... 134
Kinematics Mean Transient Response by Stride Groups ...................... 135
Effect of Countermeasure Shown by GRF Peaks ............................ 138
Effect of Countermeasure Shown by Integrated LE EMG ..................... 139
Effect of Countermeasure Shown by Maximum Joint Angles .................. 141
Experimental Time Line ............................................ .. 145
15
Figure
Figure
Figure
Figure
Figure
Figure
Figure
5.16:
5.17:
5.18:
5.19:
5.20:
5.21:
5.22:
Chapter 6
Figure 6.1:
List of Figures
16
LIST OF TABLES
Chapter 3
Table 3.1:
Table 3.2:
Table 3.3:
Table 3.4:
Chapter 4
Table 4.1:
Table 4.2:
Table 4.3:
Table 4.4:
Table 4.5:
Chapter 5
Table 5.1:
Table 5.2:
Table 5.3:
Table 5.4:
Table 5.5:
Table 5.6:
Table 5.7:
Table 5.8:
Appendix
Table B.1:
Appendix
Table C.1:
Table C.2:
Table C.3:
Table C.4:
Dimensions of Average Subject, Treadmill, and Platform ................. 61
Specified Minimum Dimensions of the Moonwalker II ........................ 62
Moonwalker II Final Dimensions ........................................ 67
Average Vertical Lifting Force Error for Individual Subject..................... 71
Moonwalker experiment subject database .................................. 76
Normalized Walking, Running Speeds, and Martian Loading of All Subjects ....... 89
Appropriate Weight Given during Jumps Based on Subject's body weight ......... 93
Symmetric Experimental Procedures................................... 93
Expanded Version of the Symmetric Experimental Design...................... 94
Description of Acronyms........................................... 104
P-Values for GRF Main Effect Obtained from ANOVA, All Strides ............. 109
The Functionality of Leg M uscles ....................................... 110
P-Values for EMG Main Effect Obtained from ANOVA, All Strides............ 116
Joint Kinematics Description .......................................... 117
P-values for kinematic main effect, all strides .............................. 121
ANOVA Results of the Phase Plane Variability ............................. 123
Effective of Jumping with Extra W eight................................... 136
B
M oonwalker II Parts List............................................... 167
C
Results of M oonwalker Survey ......................................
W eek 1 (Feb. 22- Feb. 28)..........................................
W eek 2 (M ar. 1- M ar. 7)............................................
W eek 3 (M ar. 8- M ar. 14)...........................................
... 171
... 172
... 172
... 173
17
List of Tables
Table C.5: Week 4 (Mar. 15-Mar 21) .......................................... 173
Ground Reaction Force First Peak: P-Values.........
Ground Reaction Force Second Peak: P-Values.......
Rectus Femoris: P-Values........................
Biceps Femoris: P-Values........................
Tibialis Anterior: P-Values.......................
Gastrocnemius: P-Values ........................
Hip: P-Values ................................
Knee: P-Values ................................
Ankle: P-Values...............................
................................... 175
................................... 176
................................... 176
................................... 177
................................... 177
................................... 178
................................... 178
................................... 179
................................... 179
GRF: Mean Magnitudes and P-Values for Grouped-Subject Analysis ......
EMG: Mean Magnitudes and P-Values for Grouped-Subject Analysis......
Kinematics: Mean Magnitudes and P-Values for Grouped-Subject Analysis.
GRF1: Mean Magnitudes and P-Values for Stride Groups...............
GRF2: Mean Magnitudes and P-Values for Stride Groups...............
RF: Mean Magnitudes and P-Values for Stride Groups..................
BF: Mean Magnitudes and P-Values for Stride Groups..................
TA: Mean Magnitudes and P-Values for Stride Groups..................
GA: Mean Magnitudes and P-Values for Stride Groups.................
Hip: Mean Magnitudes and P-Values for Stride Groups.................
Knee: Mean Magnitudes and P-Values for Stride Groups................
Ankle: Mean Magnitudes and P-Values for Stride Groups...............
...... 180
...... 181
...... 182
...... 183
...... 184
...... 185
...... 186
...... 187
...... 188
...... 189
...... 190
...... 191
DAppendix
Table D.1:
Table D.2:
Table D.3:
Table D.4:
Table D.5:
Table D.6:
Table D.7:
Table D.8:
Table D.9:
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
D.10:
D.11:
D.12:
D.13:
D.14:
D.15:
D.16:
D.17:
D.18:
D.19:
D.20:
D.21:
18
LIST OF ACRONYMS
The following acronyms and abbreviations are used through out this thesis:
p G zero gravity or microgravity
1G baseline Earth gravity condition
BW body weight
D walk after Martian G simulation and 'd'
'd' delay for 60 seconds
cm centimeter
CM center of mass
CNS central nervous system
EMG electromyogram
G Earth gravity, or 9.8 m/s 2
GRF ground reaction force
GRF1 ground reaction force first peak
GRF2 ground reaction force second peak
Hz Hertz
ILE integrated linear envelope EMG
JW walk after Martian G simulation and 'jw'
'jw' jumping with extra weight
kg kilogram
ANOVA repeated measure analysis of variance using general linear model
MVL Man-Vehicle Lab
MAL Motion Analysis Lab
MJA maximum joint angle
m meter
mm millimeter
ms millisecond
ND walk after Martian G simulation and 'nd'
'nd' no delay
P1 Phase 1, during which subject performs IG treadmill walk
P2 Phase 2, during which subject performs 3/8 G run
P3 Phase 3, during which subject performs one of the three PSCs.
P4 Phase 4, during which subject performs PCW
partial G gravity between 0-1 G
19
List of Acronyms
PCWs post-countermeasure walks including conditions JW, D, and ND
PSCs post-suspension countermeasures including 'jw', 'd', and 'nd'
s second
V volt
20
CHAPTER
1
INTRODUCTION
Space exploration has become more of a routine task as technology has changed the impossibilities
into opportunities, the unreachables into attainables, and science fictions into realities. The new mil-
lennium will likely be characterized by astronauts spending continual increasing amount of time in
low Earth orbit, extended sojourns to the International Space Station, and possibly a return to the moon
for further venture. A human mission to Mars is no longer a question of possibility, but rather how effi-
cient it can be accomplished. Given these numerous projected manned space missions, humans will
spend prolonged periods in reduced gravity before returning to terrestrial gravity. Before this can be
accomplished with confidence, the deleterious effects that spaceflight and the transitional stage upon
return to Earth have on human posture control must be better understood to ensure high performance
and prevent injury. Specifically, the countermeasures that can be used to minimized these effects
should be fully investigated.
Human mechanisms for control of posture and motion are optimized to perform in Earth's gravity
environment. Several studies of astronaut performance during and following spaceflight indicate that
exposure to microgravity causes neurosensory, sensory-motor, and perceptual changes with profound
effects on the control and dynamics of human motion and posture [5], [6], [19], [20], [24], [27], [28],
[30]. Exposure to microgravity conditions of space flight induces adaptive modifications in the central
processing of sensory input to produce motor responses appropriate for the prevailing gravitational
environment, thereby enabling the execution of coordinated body movement. These adaptive alter-
ations are not instantaneous, but require a finite time course for manifestation. As a result, perceptual
and motor disturbances occur during the initial phases of space flight [3].
However, astronauts must subsequently readapt to a IG environment upon return to Earth once adapta-
tion to microgravity has occurred and terrestrial motor strategies have been altered. The modifications
in sensorimotor functions acquired during space flight are no longer appropriate for a IG environment.
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Reacquiring terrestrial motor strategies also requires finite amounts of time; therefore, postflight alter-
ations in sensorimotor function such as various disturbances in posture, gait, and eye-head-hand coor-
dination are experienced by astronauts as they readapt to a 1G environment [5], [6], [19], [20], [24],
[27], [28], [30], [48].
Postflight posture and locomotion studies were first performed during the Apollo and Skylab missions
[23]. Some astronauts returning from these space missions were unable to walk unaided immediately
after landing, which would have made a rapid emergency egress very unlikely. In postflight studies of
locomotion and the vestibular system, Bryanov and colleagues found distinct decrements in dynamic
tasks, such as locomotion and jumping, following spaceflight [36]. In postflight posture tests con-
ducted by Kenyon and Young [27], decrements in standing ability with eyes closed were found. Parker
et al.,[45] found direct evidence for the concept of stimulus rearrangement and a reinterpretation of
sensory graviceptors during spaceflight. Paloski et al., [44] reported that astronauts demonstrated
abnormal postural sway oscillations and drift immediately after postflight when the support was sway-
referenced to alter ankle proprioception cues. Young et al., also provided evidence for sensory com-
pensation during spaceflight resulting in interpretation of utricular otolith signals as linear acceleration
rather than head tilt [27].
Postflight studies of locomotion involving treadmill walking indicated that the relative activation
amplitude around heel stride and toe off during treadmill walking after flight was changed as a result
of flight. The level of muscle co-contraction and activation variability, and the relationship between the
phasic characteristics of the ankle musculature in preparation for toe off also were altered by space
flight [30]. These postflight posture degradations thus pose potential risks to the astronauts once they
return to Earth. Countermeasures have long been used to help astronauts adapting the microgravity
environment inflight as well as readapting to IG postflight, yet further research is needed to develop
the ultimate countermeasure for spaceflight. A better understanding of postflight postural degradations
would enable the development of more effective countermeasures in helping astronauts readapting to
IG in a shorter period of time.
The experiments detailed in this thesis are designed to investigate a postflight postural phenomenon
known as 'heavy-legs'. Heavy-legs is a sensation of feeling heavier than normal after experiencing
partial gravity exposure. This sensation is frequently experienced by astronauts immediately after they
return to Earth, and it is partly caused by the reduction of muscle strength and fluid shift due to weight-
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lessness. Previous studies indicated that the subjects who experienced heavy-legs reported that their
legs felt weaker than normal as if their legs gained weight [50]. This sensation tends to go away gradu-
ally after returning to 1G.
It is also postulated that the heavy-legs sensation experienced by the astronauts is caused by a gain
reduction in the muscles of the legs that, in turn, causes decreased muscles activation levels [40], [50].
Lower than normal ground reaction forces when running or walking in reduced gravity could cause the
central nervous system (CNS) to adapt to a lower than normal muscle activation pattern during normal
IG locomotion. As a result, the muscle gains in the legs are reduced for partial gravity locomotion.
Immediately following the return to Earth, the partial G adapted muscles are no longer optimized for
the 1 G tasks, producing the heavy-legs sensation.
Exploring the musculature behavior of the heavy-legs phenomenon and the transient phase that an
astronaut goes through to readapt to normal gravity serve as the theme of the thesis. Moreover, it is
essential for the development of better countermeasures for postflight postural instability. The develop-
ment of effective postflight countermeasures will enable a safer and more successful space missions in
the future.
1.1 Motivation
Previous studies have focused on the effects of microgravity on astronauts' motor control during space
flight. Surprisingly few studies have been performed to determine postflight motor control strategies,
specifically gait readaptation mechanism to a 1G environment after returning to Earth. The readapta-
tion rates and transient characteristics to lG following partial G exposure are challenging to under-
stand. The adaptation to microgravity involves reinterpretation, modification, or elimination of
"normal" motor commands to facilitate motion in microgravity [36]. An additional concern is that of
readaptation since altered movement control strategies for microgravity are no longer optimized for
terrestrial gravity, causing postflight degradation of stability in posture, locomotion, and jumping
tasks.
Given the forementioned concerns, a better understanding of the skeletal muscle behavior and or acti-
vation upon return to Earth is necessary to maintain performance and prevent injury. Even after mis-
sions of a few weeks, the locomotion of astronauts is very unstable immediately after they return to
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Earth, owing to a combination of orthostatic intolerance, altered otolith-spinal reflexes, reliance on
weakened atrophic muscles, and inappropriate motor patterns [6]. The severe reentry disturbances of
posture and locomotion experienced by astronauts and cosmonauts pose potential dangerous opera-
tional problems. It is important to investigate the time course for adaptation of locomotion and posture
to variations in gravitational, or loading, force level. Most importantly, techniques should be developed
to enhance postural and movement control during and after transitions between different force levels.
The following questions are addressed: How long do humans take to readapt to 1G environment after
short-term Martian gravity exposure? What measures are appropriate to monitor human gait changes
due to partial G exposure? More importantly, what can humans do to help themselves recover from
flight degradations? This thesis attempts to answer these questions by investigating the rate of human
gait readaptation between two different loading levels (1G and simulated Martian gravity) and the
countermeasures essential in reducing the time constant of the readaptation mechanisms.
1.2 Contribution
This thesis focuses in determining the changes in walking gait caused by Martian G exposure. Addi-
tionally, the transient characteristics of the readaptation mechanism to 1G following simulated partial
gravity exposure is examined. Many studies have indicated that postflight astronauts return to their
normal gait after a certain time, but the transient feature accompanied with the readaptation mecha-
nism is not fully understood. Determining the readaptation transient characteristics is essential because
it provides insight as to how the CNS responds to an altered environment. It may serve as an attempt to
understand the way humans readapt to 1 G after microgravity exposure.
Another problem that occurs upon return to Earth after prolonged space flight is postural instability.
The causes of postural instability include muscle atrophy, orthostatic intolerance, modified vestibular
functions, and altered muscle gains. This temporary degradation in locomotion performance poses a
great danger to newly returned astronauts. Therefore, the second contribution of the thesis is to deter-
mine if certain exercises can help reducing the readaptation time once astronauts return to Earth. Many
different countermeasure techniques have been developed throughout the history of the human space
programs. However, more research effort is needed to design the ultimate countermeasure, especially
for the extended space flight such as the mission to Mars. The simple countermeasure, jumping with
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extra weight, that is implemented in the experiment will shed some light on future countermeasures by
comparing the effects of different countermeasures on gait recovery after partial G exposure.
Finally, a simulator was designed and constructed in order to simulate a partial gravity environment.
This improved partial gravity simulator, with features such as modularity, stability, and versatility, is
designed to closely simulate partial G environment on the lower extremities. The apparatus is used for
the partial gravity simulation studies and will be used for future partial gravity simulation experiments
as well. This partial gravity simulation technique is reliable and relatively accurate, it is also more eco-
nomic compared to other techniques such as KC-135 aircraft parabolic flights or neutral buoyancy tank
simulation.
Three main hypotheses are formulated in this thesis in an attempt to investigate some of the foremen-
tioned scientific questions.
1.3 Hypotheses
The following are the specific hypotheses of this research effort:
1. A partial gravity simulator utilizing suspension technique is effective in inducing the heavy-legs
phenomenon that is characterized by lower than normal muscle gain.
2. The changes in human gait following a partial gravity simulation can be found in ground reaction
force, muscle activation and joint kinematics.
3. Readaptation time from a partial gravity to a 1G environment for an astronaut's motor control of
gait can be minimized by countermeasures. In other words, exercise can enhance readaptation to
1G following partial gravity exposure.
1.4 Thesis Outline
Chapter 2 provides a detail background and a literature review of topics relevant to this thesis. Chapter
3 is devoted to the design of the partial gravity simulator. Chapter 4 describes the thesis experimental
methods and data analysis. Chapter 5 details the thesis results. Finally, Chapter 6 discusses the results,
summarizes the conclusions from the thesis work, and provides recommendations for future study. The
chapter contents are summarized below.
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Chapter 2 - Background
This chapter presents relevant prior work described in the literature. Specific areas of focus include
postural and locomotion problems after space flight. It details the role of central nervous system in
adaptation to and readaptation from partial gravity environment, familiarizes the reader with basic neu-
ral adaptation mechanisms. The subsequent section describes human locomotion in a IG environment
and presents the basic characteristics of human walking gait. Next, the electromyogram, ground reac-
tion forces, and kinematics profiles associated with normal human walking are explained. The chapter
then directs the readers' attention to muscles. Explanations of muscle anatomy, behavior, and space
deconditioning characteristics are given. Finally, the different countermeasures and partial gravity sim-
ulation methods are introduced, and the advantages and disadvantages of each method are noted.
Chapter 3 - Moonwalker design
This chapter details the design and construction process of the partial gravity simulator (Moonwalker
II). Design goals, constraints, and schematics drawings of the final design are presented.
Chapter 4- Methods
This chapter outlines the experimental methodology. Subject selections, experimental apparatus and
test procedures are described. Finally, data processing, analysis techniques, and statistical tests are
covered.
Chapter 5- Results
This chapter covers the results of the experiment. It presents the results in the following order: adapta-
tion, readaptation transient characteristics, and effectiveness of countermeasures. The gait characteris-
tics of different cases following Martian gravity exposure are compared using ground reaction force,
electromyogram, and kinematics.
Chapter 6- Discussion and Conclusions
This chapter begins by outlining the limitations of the experimental design. It then summarizes the
experimental procedures. The results from chapter 5 are interpreted and explained. Finally, the thesis
concludes by summarizing the experimental findings, future recommendation, and thesis contribu-
tions.
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BACKGROUND
This chapter provides the background on the major experimental topics and theories for this thesis
including: postural problems associated with space flight, space flight countermeasures, adaptation
and readaptation, human locomotion, muscle physiology, and partial gravity simulation techniques.
Literature on the physiological effects of space flight, especially the postural problems resulting from
microgravity ( G) exposure after space flight are covered in Section 2.1. Section 2.2 reviews the dif-
ferent countermeasures used in the manned space program. Section 2.3 provides an in-depth review of
human adaptation to and readaptation from a microgravity environment. Following this, Section 2.4
highlights the fundamentals of muscle physiology. Section 2.5 introduces the key concepts of human
gait in locomotion, and outlines the frequently used techniques for the assessment of human motion,
including electromyogram, ground reaction force, and kinematics measurements. Finally, the various
partial gravity simulation techniques are described in Section 2.6.
2.1 Postflight Postural Response
As many previous studies pointed out, the transition from normal gravity to microgravity disrupts pos-
tural control and orientation mechanisms. On reentry, severe disturbances of postural, locomotor, and
movement control are experienced with re-exposure to the normal terrestrial environment [6], [33],
[34], [39], [41], [41], [57]. Hernandez-Korwo et al. showed that postural instability is manifested by
increased angular amplitude at the knee and ankle as well as increased vertical accelerations of the
center of mass [20]. Increased variability was noted in lower-limb phase-plane portraits [33] and occa-
sional loss of balance during locomotion [48]. In addition, Chekirda et al. in 1971 reported changes in
the contact phase of walking, in which the foot appeared to be "thrusted" onto the support surface with
a greater force than that observed in preflight [5]. Other postflight biomechanical modifications
observed include shorter steps after flight and the tendency to fall to the outside when turning corners
[22], [42].
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Recent studies have also contributed to postflight postural issues. Layne et al. in 1996 reported that the
relative activation amplitude around heel stride and toe off during postflight treadmill walking was
changed as a result of space flight. The level of muscle co-contraction, its activation variability, and the
relationship between the phasic characteristics of the ankle musculature in preparation for toe off were
also altered by space flight [30]. In the same year, Newman et al. utilized a partial gravity simulator to
demonstrate postflight instabilities that include: increased body sway in the sagittal plane, higher verti-
cal ground reaction forces, and shorter step length [40], [50]. Furthermore, Jackson et al. found
changes in postflight astronaut jumping kinematics that indicated a decreased stiffness in the posture
control system in comparison to preflight data [39]. This implied inflight adaptations to the reduced
requirements for posture control in the absence of gravitational forces.
There are a number of physiological and neurological changes associated with space flight which
could affect locomotion. These include: reductions in muscle strength and tone [18], [54], [28]; hyper-
activity in H- and stretch-reflex characteristics, increases in vibrosensitivity at the soles of the feet
[28]; changes in muscle strength-velocity profiles [18]; and decreases in requirements for maintenance
of posture [39]. Associated with theses changes are reductions in the ability to perform graded muscle
contractions and decreases in muscle stiffness [18].
In the early Skylab and Salyut missions, a wealth of biomedical data relating to the human skeletal
muscle system was generated. For example, it was found that muscle strength decreased after short-
term (1-14 days) space flights. After longer flights (more than two weeks), leg muscle strength was
shown to decrease significantly [41], especially in the extensor muscles. Postflight electromyograms of
the gastrocnemius showed an increased susceptibility to fatigue and reduced muscular efficiency.
Muscle tissue breakdown was found to be one of the main reasons for postural instability after space
flight. Tests using a dynamometer (a strain gauge device) were conducted during the Skylab missions
to evaluate muscle conditions before and after space flight. Figure 2.1 shows the test setup, and
Figure 2.2 and Figure 2.3 show the average loss in strength for flexors and extensors in the arms and
legs for each of the three Skylab crew members, respectively. As shown in the figures, the loss of
strength in the legs was larger than in the arms (maximum of 20% vs. 10%), implying weightlessness
had a greater effect on the lower extremities. This finding is reasonable because under pL G conditions,
the legs are without the normal stresses from loading, while the arms have the additional stresses of
controlling locomotion as astronauts push and pull using their arms more frequently [41]. Similar
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investigations of pre- and postflight muscle condition had been carried out in the Soviet space program
[41]. Gazenko et al. and Yegorov evaluated the force and speed of muscle groups with a dynamometer
after the long-term Salyut 6 missions [13], [57]. They found that both gastrocnemius (knee flexor) and
frontal tibialis muscles (knee extensor) showed a reduction in force output.
Figure 2.1: Dynamometer used for evaluating muscular condition pre- and postflight (from Space Physiology
and Medicine, [41]).
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Figure 2.2: Averaged postflight strength changes in arm (from Space Physiology and Medicine, [41]).
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Figure 2.3: Averaged postflight strength changes in leg (from Space Physiology and Medicine, [41]).
In addition to dynamometer measurements, electromyogram (EMG) outputs were also used to assess
muscle conditions since EMG provides important information about force output and fatigue [8], [1],
[9], [46], [56]. Comparison of pre- and postflight integrated EMGs from the gastrocnemius of the crew
of Skylab 3 demonstrated a change that suggests muscle atrophy occurs during space flight. Figure 2.4
shows the shifting of the average median frequency of the EMG power spectrum from preflight (55
Hz) to postflight (75 and 95 Hz), indicating an increased susceptibility to fatigue and reduced muscular
efficiency [41].
2.2 Countermeasures Used in the Human Space Programs
How can these deleterious postural effects be minimized? Throughout the history of flight missions,
numerous techniques have been developed to alleviate these in- and postflight postural problems. The
word countermeasures is frequently used to describe such techniques. One of the most immediate and
significant effects of weightlessness is the absence of gravitational force on the bone and muscle
groups. Therefore, countermeasure designs have focused on restoring weight forces on the body and
simulating Earth-like locomotion in space.
The most obvious approach would be the generation of artificial gravity inside a spacecraft. Artificial
gravity is based on the physical phenomenon called centripetal acceleration, created by rotational
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Figure 2.4: Plot of EMG data averaged across three crewmen for preflight and postflight tests (From Space
physiology and medicine, [41]). R+O represents on the recovery on 0 day, and F-5 represents 5 days before the
flight.
movement. The direction of the artificial gravity vector is perpendicular to the rotational axis and
points outward from the center of rotation. Eqn. 2.1 describes such a relationship.
a = r X w 2  (2.1)
Variables a, r and w represent the artificial gravity level, rotational radius and rotational rate, respec-
tivel. As Eqn. 2.1 shows, the magnitude of the artificial gravity is dependent on both the radius of rota-
tion and the rate of rotation.
However, this approach has yet to be practical due to both technical and economic reasons [41], [52].
According to Stone, the radius of an effective centrifuge has to be at a certain minimum distance to
ensure a suitable living environment for human. As a matter of fact, the suitability of a rotating envi-
ronment is inversely proportional to the rate of rotation, and lower rotational rate requires higher rota-
tional radius according to Eqn. 2.1 [52]. However, increasing the radius requires increasing the
structural requirements such as weight and inertia, along with increasing difficulties in control, stabili-
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zation, fuel requirements, and launch weight [52]. As a result, artificial gravity has yet to be accepted
as the ultimate countermeasure. The top of Figure 2.5 shows a 3-D trade-off surface for an artificial
gravity generating object. The rotational rate and gravity level plane show that as the artificial gravity
level goes up, the rotational rate goes up as well. At the same time, the rotational rate and radius of
ration plane shows the radius of rotation decreases as the rotational rate goes up (bottom of
Figure 2.5).
One countermeasure that has so far received wide acceptance in the U.S. and Russian space programs
is exercise. It has been suggested that different types of exercise offer different degrees of efficacy [53].
For example, isotonic and isokinetic exercises work well in preventing strength loss in muscle groups,
while standing under an artificial loading such as a weighted harness might afford some protection
against the loss of bone mineral. In addition, muscle atrophy can be slowed down by walking under an
applied force; and reductions in heart size and mass can be prevented by endurance exercises such as
pedaling on a bicycle ergometer [41]. Figure 2.6 shows some of the most frequent countermeasures
used in the U.S. space programs. These include: walking and running on a treadmill under applied
force (using bungee cords), the bicycle ergometer, and "Penguin" suit.
Data obtained from various space missions including Skylab and Salyut have shown successive
improvements in muscle conditioning by utilization of the forementioned impact loading techniques.
With the proper training and exercises on astronauts, the rate of adaptation and readaptation to changes
in the gravitational environment can be significantly increased.
2.3 Adaptation to and Readaptation from Space Flight
Adaptation to an ever-changing environment is one of the basic characteristics of all organisms. On
Earth, the human body has developed steady state for each of its physiological systems. The state of
homeostasis is achieved by operating around these set points. When exposed to the microgravity envi-
ronment, these set points are no longer appropriate and must be recalibrated. The time course for dif-
ferent physiological systems to adapt to microgravity is shown in Figure 2.7. Most physiological
systems appear to reach a new steady state in the space environment within four to six weeks except
for bone and calcium metabolism. As the graph shows, humans can adapt to a [. G environment given
enough time.
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Figure 2.5: 3-D artificial gravity trade-off map.
The biomedical data collected on returning astronauts and cosmonauts indicate that a compensatory
period of physiological readaptation to Earth gravity is required after each space flight. The amount of
time necessary for readaptation and the characteristic features of the process exhibit large individual
differences. Some differences may be attributed to variations in mission profile and duration, individ-
ual fitness, and the use of countermeasures. Furthermore, different physiological systems appear to
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Figure 2.6: Countermeasures used
Treadmill exercise with applied load,
during Skylab missions (from Space physiology and medicine, [41]). (a)
(b) Penguin suit, (c) Skylab 4 treadmill, (d) Skylab bicycle ergometer.
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Figure 2.7: Time course of physiological shifts associated with acclimation to weightlessness (from Space
physiology and medicine, [41]).
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Figure 2.8: Time course of physiological shifts during readaptation to 1G. Adapted from Space physiology and
medicine [41].
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achieve readaptation at varying rates. Figure 2.8 illustrates these readaptive trends. As shown, some of
the physiological systems such as cardiovascular and lean body mass take more than four weeks to
readapt, whereas others such as the fluid/electrolytes system readapts in about one week.
How does postural stability fit into the readaptation curves? How long does a returning astronaut take
to readapt back to their normal 1 G gait? This piece of information seems to be important but missing in
the above diagrams. More importantly, what roles do muscles play in postural control during and after
space flight?
2.4 Muscle Physiology
"To move things is all that mankind can do...for such the sole executant is muscle, whether in
whispering a syllable or in felling a forest."-Charles Sherrington, 1924
Muscles are the engines of all locomotion. They are divided into two categories: smooth and striated.
Smooth muscles line the digestive tract and arteries; they play an important role in peristalsis and in the
control of blood pressure. Striated muscles are further divided into two types: cardiac and skeletal.
Cardiac muscle makes up the heart and contracts rhythmically in the absence of any innervation. On
the other hand, skeletal muscles function by moving bones around joints, moving the eyes, controlling
respiration, controlling facial expression, and producing speech [2]. Since skeletal muscles control
human gait, the understanding of their physiology is pertinent to this thesis.
2.4.1 General Muscle Anatomy
Skeletal muscles are composed of numerous muscle fibers that are micrometers in diameter. Each fiber
in turn is made up of myofibrils, and each myofibril consists of myofilaments. Within each myofila-
ment lies a contractile element known as the sarcomere. The myofibrils line inside the muscle fiber in
a matrix called sarcoplasm, which contains intracelluar fluid filled with large quantities of potassium,
magnesium, phosphate, and protein enzymes [19]. Finally, groups of muscle fibers are innervated by a
single motorneuron, forming a motor unit. The number of muscle fibers that a motor neuron innervates
is determined by what is known as the innervation ratio. Each motor unit has a different innervation
ratio. The connection between the motor neuron and the muscle fiber is known as the motor endplate.
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2.4.2 Muscle Contraction Mechanism
Before a muscle contracts, the CNS sends an action potential (electrical signal) to the motor endplate
of the motor neuron. This causes the release of a neurotransmitter called acetylcholine (ACh). The Ach
molecules then interact with proteins embedded on the muscle fiber membrane, causing changes in the
protein conformations which in turn open up the ion channels permeable to sodium (Na+) cations. The
muscle cell, which under resting conditions maintains a net negative charge and low Na concentration
relative to the extracellular fluid, is locally depolarized by the electrochemically driven inward flux of
the positively charged Na+ ions. Depolarization of the cell at this point causes voltage-sensitive ionic
channels in the vicinity of the endplate to open, allowing more Na+ to flow into the cell. A positively
charged gradient is thus established and propagates along the cell membrane. Repolarization of the cell
follows closely as voltage-gated potassium (K+) channels open to enable outward flow of the posi-
tively-charged K+ ions (the concentration of K+ inside the cell is greater than outside the cell), there-
fore restoring the membrane potential [2]. Immediately following repolarization, the Na+ and K+ ions
are actively pumped back to their original state in preparation for another depolarization event. The
rate at which the action potential stimulate muscle cell activation and the number of muscle cells acti-
vated are both responsible for the magnitude of the resultant muscle activity. Figure 2.9 shows a sche-
matic of the depolarization process.
The wave depolarization, or action potential (AP) leads to the release of calcium (Ca++) into the intrac-
ellular space surrounding the myofibrils. The Ca++ ions initiate attractive forces between the actin and
myosin filaments, causing them to slide together, thus causing muscle contraction. Unless the action
potential is generated again, the Ca++ ions are actively pumped back to the sarcoplasmic reticulum and
muscle contraction is terminated [2], [49].
Within one muscle, groups of physiologically similar muscle cells are innervated by a single motor-
neuron, forming a motor unit. Initiation of a motor neuron AP is governed by spatiotemporal summa-
tion of excitatory and inhibitory inputs to the motorneuron cell body. This all-or-none signal is passed
to the muscle cells in the motor unit, which in turn contract. Therefore, gradation of muscle force is not
governed by gradation of the motorneuron action potential; rather, it is controlled by the number of
active motor units and the firing rate of the motorneurons. For example, when small forces are desired,
the small diameter motomeurons which have low electrical resistance and innervate few small muscle
cells, become active. As larger forces are demanded, more larger motor units are recruited and the fir-
ing rate of the active motorneuron increases. Typically, recruitment is the dominant mechanism of
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Figure 2.9: Action potential propagation. (A) shows the voltages that would be recorded from a set of intracel-
lular electrodes placed at intervals along the axon, whose width is greatly exaggerated in this schematic figure.
Note that the action potential does not weaken as it travels. (B) shows the changes in the Na+ channels and the
current flows (brown arrows) that give rise to the traveling disturbance of the membrane potential. An action
potential can only travel away from the site of depolarization because Na+-channel inactivation prevents the
depolarization from spreading backward (from www.essentialcellbiology.com, 1998).
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force augmentation during low-level exertion, while increases in firing rate dominate during high level
force production [8], [49].
2.4.3 Muscle Deconditioning during and after Space Flight
Gravity has played a critical role in shaping the architecture of the human body. The human body is a
masterly designed system composed of over 600 muscles and 200 bones. The musculoskeletal system
is primarily responsible for providing an organism with a rigid structure. In combination with the con-
tractile elements of the muscular system, an organism can move itself and interact with the environ-
ment. Consequently, the musculoskeletal system relies heavily on gravity to function effectively and to
maintain structural integrity. In the absence of gravity, muscle atrophy occurs.
Muscle atrophy is characterized by a decrease in the cross-sectional area of the muscle fiber and pref-
erential loss of contractile proteins relative to cytoplasmic proteins [6]. Specific changes include a loss
of nitrogen from the muscle, a loss of lower body mass, reduced muscle mass in the calves, and
decreased muscle force output [6], [41]. For example, analyses of blood, urine, and fecal samples from
Skylab astronauts had shown changes in a number of substances that are considered indices of muscle
condition. They included increases in inflight excretion of calcium (Ca+*), sodium, potassium, creati-
nine, phosphates, magnesium, hydroxylysine, N+-methylhistidine, and almost all amino acids [13],
[18]. These biochemical analyses implied muscle breakdown.
Muscle strength and structural composition also go through modification due to microgravity expo-
sure. In human bed-rest studies modeled for a microgravity simulation, significant reduction (-40%) in
muscle tension was found in the quadriceps muscles after six weeks of bed rest [29]. Hindlimb unload-
ing experiments using rats indicated a loss of thick and thin myosin filaments that in turn lead to a
reduction in cross-bridge formations [32]. Generally speaking, the extensor muscles such as quadri-
ceps and soleus show the greatest deterioration following microgravity exposure. The strength of these
so called "antigravity" muscles is a function of weight-bearing loads. On the contrast, flexor muscles
such as hamstrings are less affected by microgravity.
Immediately upon return to Earth, muscles suffer a swelling syndrome known as edema [6]. Edema is
defined as an abnormal accumulation of fluid in cells and tissue, resulting in swelling. The syndrome is
partly due to the rapid pooling of fluids due to hydrostatic pressure in the lower extremities upon the
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return to the 1 G environment. Because atrophic muscle fibers resulting from prolonged spaceflight are
structurally weaker, they more susceptible to structural damage during edema [6].
2.5 Human Gait in Locomotion
"The coordination of a movement is the process of mastering redundant degrees of freedom of
the moving organ, in other words, its conversion to a controllable system." -Bernstein, 1967
The readaptation in human gait following exposure to a gravitational level different from Earth's, for
example Martian gravity, is the main topic addressed in this thesis. Therefore the biomechanics associ-
ated with human locomotion is pertinent to this research effort. Locomotion is defined as the act of
moving from place to place; and it is the most common activity performed by all animals. The follow-
ing sections introduce the basic characteristics of human gait and three commonly used physiological
measurements: EMG, ground reaction forces, and kinematics.
2.5.1 Purpose of Gait
The purpose of walking or running is to transport the body safely and efficiently across the ground,
either on a level, uphill, or downhill slope. In level gait, the measurement of locomotion is "the dis-
tance in which mass is transported". The unit of the measurement is a product of mass times distance,
or kg.m. For uphill or downhill gait, an additional factor, the change in altitude, must be also consid-
ered. The best measure of this is the change in potential energy. In order to transport the body, the neu-
romuscular control system must provide the appropriate shock absorption, prevent a collapse, maintain
balance of the upper extremity, and achieve a safe and efficient propulsion of the body [56].
2.5.2 Definitions of Human Gait
Understanding the basic characteristics of human gait is important because they serve as a basis for
comparison between 1G locomotion and post partial G exposure locomotion. Figure 2.10 illustrates
the major characteristic of a human walking stride. The following definitions, adopted from Winter
[56], explain the frequently used terminologies related to human gait.
1. Stride cycle - the period of time for two steps, also known as stride period. It is measured from an
initial heel contact (HG) of one foot to the subsequent HC of the same foot. In order to compare the
stride characteristics of different strides within the same subject or across different subjects, the
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Figure 2.10: Stride cycle (modified from McMahon, 1984 [35]).
stride cycle is usually expressed as 0 to 100% (Figure 2.10). Zero and 100% of the stride cycle rep-
resent the initial and subsequent HC of the same foot, respectively.
2. Heel contact (HC) - the instant when the heel of the foot or shoe makes initial contact with the
ground (Figure 2.10).
3. Toe off (TO) - the instant when the toe of the foot or the shoe leaves the ground (Figure 2.10).
4. Stance period - the time when the foot is in contact with the ground. It is divided into three phases:
weight acceptance, mid-stance, and push off.
5. Weight acceptance (WA) - the time between initial HC and the time when the knee reaches maxi-
mum flexion during stance.
6. Push off (PO) - the time when the lower limb is pushing away from the ground and ankle plantar-
flexion occurs.
7. Mid-stance (MS) - the time between WA and PO. This usually occurs at 15%-40% of the stride
cycle. In running, WA occupies 0 to 20% of a stride and PO takes the balance of the stance so there
is no mid-stance period.
8. Swing period - the time when the foot is not in contact with the ground. This occurs between TO
and HC of the same foot.
9. Cadence - the number of steps over time. The typical cadence of walking is 120 to 140 steps (or 60
to 70 strides) per minute for human [37].
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Characteristics of Human Gait
Walking and running are the two basic types of gait for human locomotion in a IG environment. As
previously mentioned, the purpose of locomotion is to be able to transport the body over a certain dis-
tance with minimal disturbance to the center of mass (CM), thus reducing the shock transmitted from
the feet to the head [35]. The human gait utilizes six determinants, previously introduced by McMahon
[35] and then Newman [38], to accomplish this energy attenuation process.
The first determinant of human gait, compass gait (Figure 2.11 (a)), permits only the flexion and exten-
sion of the hip. Since there is no bending in the knee, the pelvis moves through a series of arcs with the
leg's length as the radius. In order to flatten the arc to permit a motion with less disturbance, pelvic
rotation serves as the second determinant to human gait. As shown in Figure 2.11 (b), the amplitude of
this rotation is approximately -3' in walking at normal speed and increases with increasing speeds
[35]. The leg length is extended due to the pelvis rotation, making it an effectively larger traveling arc,
therefore stabilizing the trajectory of the CM. The third determinant, shown in Figure 2.11 (c) occurs
during the swing phase when tilting of the pelvis down to about 5* relative to the horizontal plane fur-
ther flattens the arcs traced out by the pelvic trajectory. Fourthly, Figure 2.11 (d) illustrates the flatten-
ing of the CM trajectory is reinforced by the stance knee flexion to minimize the excursion of CM
during mid stance. By bending the knee sightly, the peak in the trajectory traced out by the pelvic arc is
flattened. A smoother CM trajectory is therefore achieved.
Figure 2.11 (d) depicts the next determinant that occurs at the ankle. Plantar flexion of the stance ankle
just before toe-off flattens out the transition from the double-support phase to the swing phase. Plantar
flexion also plays an important role in establishing the initial velocities of the shank and thigh limb for
the subsequent swinging motion [35].
The final determinant of gait is lateral displacement of the pelvis shown in Figure 2.11 (f). Since
weight bearing is transferred alternately from one limb to the other, the pelvis shifts about 2 cm
towards the stance phase limb to keep the CM aligned with the stance foot so that falling over occur
does not occur.
2.5.3 What Measurements are Important?
What measurements are used to characterize human gait? Clinical investigators tend to look at mea-
surements such as stride length, cadence, and joint angles since these indices are visually observable.
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Figure 2.11: (a) Compass gait, (b) pelvic rotation, (c) pelvic tilt, (d) stance knee flexion, (e) plantar flexion, and
(f) lateral displacement (From McMahon, 1984 [35]).
Neurological researchers focus on electromyogram (EMG) measurements while biomechanical inves-
tigators analyze kinematics, ground reaction forces (GRF), moments of force, and energies. There is no
doubt that certain information is more readily available from certain measurements than other. In this
experiment, EMG, GRF, and kinematics of hip, knee and ankle joints are chosen as the measurements
to assess human gait readaptation. Each of these measurements is described below.
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2.5.4 Electromyogram
The electromyogram (EMG) is the single best representation of the neurological control of skeletal
muscle. Each motor unit, when activated, produces a motor unit action potential (MUAP) that is char-
acteristics of that motor unit and the position of the EMG electrodes. During any voluntary movement
such as gait, the net EMG signal is an algebraic summation of all MUAP [14], [31].
Recording such myoelectrical signals can be conducted by placing an electrode parallel to the surface
of a muscle of interest. The current flow caused by the in and out flow of sodium and potassium ions
across the cell membranes can be monitored. Contribution of each muscle fiber to the EMG signal
depend on the size of the muscle fibers, the distance and orientation relative to the recording elec-
trodes, the conduction velocity of the action potential along the muscle membrane, the degree of motor
unit activation, and filtering properties of the tissue between signal and the electrodes [1].
Information provided by the EMG signals includes muscle activation timing, relative effort, and mus-
cle force [46]. The onset of muscle contraction, or muscle activation, is generally characterized by an
increase in EMG amplitude relative to a baseline. This information is important because the order and
timing of muscle contractions often provide an index of coordination [11]. An underlying mechanism
for the control of balance can be manifested by a normal distal-to-proximal muscle activation pattern.
In the past, the onset was identified by visual inspection of the EMG wave form, however, more accu-
rate methods using computer algorithms have been developed to identify such onset timing.
A single muscle can generate different levels of force depending on the demands of a task. For exam-
ple, lifting a 100 N weight requires a more intensive recruitment of the biceps muscle fibers than that
of lifting a 20 N weight. Because a higher force level is generated by recruiting more motor units, the
difference in the EMG amplitude of the same muscle represents varying levels of effort [46]. On the
other hand, the difference in EMG amplitude between muscles may not represent the same meaning.
Due to the anatomical differences in muscle structure and fiber type of different muscles, an electrode
may cover a different number of motor units. The comparison of EMG amplitudes among different
muscles can not be made directly. Rather, a quantification and normalization processes are required for
such a comparison. Quantification is a process that computes a numerical value of the analog EMG.
Normalization is a process that eliminates the differences in muscles structures [46].
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Lastly, the magnitude of EMG provides information about the force generated by the muscle, however,
the quantitative EMG-force relationship is still yet be investigated and developed. Qualitatively, the
EMG waveform proves useful if only qualitative information of the muscle is required. For instance,
one can easily tell if different tasks require different amounts of force generated by the muscle from the
inspection of the EMG waveforms, yet it is quite difficult to quantify the difference in force required
for the different tasks [9].
Selected EMG Demodulation Techniques
The raw EMG signal must be processed and converted to a simpler format before useful information
can be retrieved. There are many different demodulation techniques including rectification, linear
envelope, integration, root-mean-square (RMS), zero crossings, spike counting, and turns [14]. In this
thesis, rectification, linear envelope, and integration are the three techniques employed.
The raw EMG detected by surface electrodes is a bipolar signal, that is, it fluctuates across a zero
datum. If the raw EMG signal is averaged over a significantly long time period, a mean equaling zero
results. Rectification is a technique used to transfer the bipolar signal into single polar by either elimi-
nating the negative values or by taking the absolute value of the raw signal. The latter is called the full-
wave rectification and is used in this thesis.
Linear envelope is produced by low pass filtering the raw, full-wave rectified EMG signal. The cutoff
frequency of the filter is selected to allow the capacitor voltage to track the envelope with the degree of
smoothness desired. A cutoff frequency of less than 6 Hz is generally used for physiological data
because human movements do not occur above 6 Hz [14]. The effect of the low pass filter is to average
and smooth out the variation that occurs in the signal. Linear envelope is a good quantitative measure
of the muscle force because it rises and falls with the increase and decrease of muscle activity, respec-
tively. In addition, it is used to identify the onset and duration of the muscle activity and the pattern of
muscle contraction [14].
Lastly, the integration technique calculates the area under a raw, rectified EMG curve. The logic
behind this technique is that the amount of muscle activity occurring during any given time interval is
represented by the area under the curve during that time interval. Therefore, integration of the EMG
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signal provides a measure of the number of active motor units and their rate of firing [31]. The equa-
tion for integration is represented by Eqn. 2.2, and the integrated EMG has a unit of mV.s or pV.s.
I{IEMG(t) } = |JEMG(t)Idt
0
(2.2)
Representative Linear Envelope for Human Walking
Figure 2.12 shows a representative EMG linear envelop (LE) waveform of rectus femoris, biceps fem-
oris, tibialis anterior, and gastrocnemius during normal walking conditions.
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Figure 2.12: Representative EMG linear envelope of a stride for rectus femoris, biceps femoris, tibialis ante-
rior, and gastrocnemius.
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2.5.5 Ground Reaction Force
Ground reaction force (GRF) is a measure of the impact that occurs when the foot makes contact with
the ground. When a person walks, a reaction force is generated that is equal to the sum of the person's
weight and the acceleration of the center of mass (CM). This reaction force can be decomposed into
three components: vertical, lateral shear, and progressional shear GRE. The latter two are small com-
pared to the vertical GRF and result from any non-perpendicular components of the GRE. In this thesis,
only the vertical GRF is investigated, therefore, the two shear GRF are not discussed.
The timing of heel contact, mid stance, and toe off can be identified by inspecting the vertical GRF
profile associated with each step. Figure 2.13 shows a typical GRF profile of a single step. The GRF
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Figure 2.13: Vertical ground reaction force of a stride.
has two peaks separated by a valley. As described earlier, a step consists of two phases: stance and
swing. The stance phase is further divided into HC, mid stance, and push off. The first peak (GRFl)
occurs during the HC phase in response to the weight-accepting events when the CM of the body drops
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drastically. This peak is generally more than one body weight (BW). The valley (V) occurs during
mid-stance when the body rolls forward over the stationary foot. It is less than one BW since the CM
rises during mid stance. The second peak (GRF2), occurs during the push off phase and has a value
more than one BW, again indicating downward acceleration and lowering of the CM as the body falls
forward over the forefoot rocker. Therefore, the magnitude of the GRF is directly related to the accel-
eration of the CM and can be described by Eqn. 2.3.
F = M(g + a) (2.3)
Where F is the vertical GRF, M is the mass of the person, g is the Earth gravity, and a is the CM ver-
tical acceleration. Since M and g are fixed constants, the changes in the magnitude of F depends only
on the changes in acceleration. When a = 0, the force is body weight. If a is negative (i.e. rise of CM
relative to the ground), the force is less than the body weight. Likewise, the force is greater than the
body weight when a is positive.
2.5.6 Kinematics
Kinematics is the term used to describe the spatial movement of the body, without considering the
forces that cause the movement [56]. The number of variables of kinematic data include linear and
angular displacement, velocities, and accelerations. It is important to differentiate absolute and relative
measurements when talking about kinematics data. Absolute measurements describe the true spatial
orientation and position of the object of interest in space. It is made relative to a fixed, or immovable
reference frame. On the other hand, a relative measurement is made to a reference frame that is not
fixed relative to a global fixed reference frame. For example, the distance a car travels relative to the
driver's house is an absolute measurement, but the distance that the car travels relative to another mov-
ing car is a relative measurement.
In this thesis, joint angles are the main kinematics measured. By definition, joint angles are relative
and therefore tell us nothing about the absolute angle of each of the adjacent segments in space. In
spite of this, the hip angle can be measured relative to an imaginary vertical line since the trunk can be
considered to be almost vertical [56]. Figure 2.14 shows a typical angle profile hip, knee, and ankle of
a single step
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Figure 2.14: Hip, knee and ankle joint angle profiles of a stride.
2.6 Partial Gravity Simulation
The central theme of this thesis is to investigate human gait readaptation following microgravity expo-
sure. The main apparatus need to model this phenomenon is a partial gravity simulator. Many different
techniques have been developed to simulate the partial gravity environment, including parabolic flight,
water immersion, and cable suspension systems. This section highlights these partial G simulation
techniques with a description of the pros and cons of each system. The MIT partial gravity simulator (a
suspension system), or Moonwalker, is introduced last.
2.6.1 Parabolic Flight
Brief periods of weightlessness or partial gravity can be attained by piloting an airplane in a parabolic
trajectory. This path causes the aircraft to experience a constant vertical acceleration ranging between
0-1 G. The plane is capable of flying parabolas anywhere in the 0-1 G continuum, but the majority of
flights simulate zero G for astronaut training and for the validation of future space flight hardware. The
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Figure 2.15: KC-135 aircraft and its parabolic trajectory.
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true acceleration inside the aircraft is the difference between the downward acceleration of the aircraft
and the acceleration due to gravity. The period of partial gravity lasts anywhere from 25 seconds for a
zero G simulation, to 40 seconds for a Martian-G level environment. Usually, 0 to 50 parabolas are
flown per experimental session. These parabolas can be flown in succession or with short breaks
between maneuvers to reconfigure test equipment [51].
Figure 2.15 shows a KC-135 plane and its typical zero G maneuver. However, the maneuver can be
modified to provide any level of G-force less than 1G. Some typical G-levels used on different tests
and the corresponding time for each maneuver are tabulated below.
1. Artificial Gravity-Duration of Artificial Gravity
2. Negative G (-0.1 G)-Approximately 15 seconds
3. Zero G-Approximately 25 seconds
4. Lunar G (1/6 G)-Approximately 30 seconds
5. Martian G (3/8 G)-Approximately 40 seconds
The KC-135 simulator is superior to other forms of partial gravity simulation in that it replicates the
gravity characteristics of space flight or planetary environments. It also allows the subject 6 degrees of
freedom in which to operate during the test. However, high costs, limited duration, and limited avail-
ability are undesirable aspects of parabolic flight simulation. Approximately 100,000 parabolas have
been flown in support of the Mercury, Gemini, Apollo, Skylab, Space Shuttle, and Space Station pro-
grams [51].
2.6.2 Neutral Buoyancy
Water immersion techniques provide a zero gravity environment by attaining neutral buoyancy on all
body segments and equipment involved in the simulation. By adding ballast or buoyancy to a sub-
merged object, its overall density can be made to match the surrounding water (i.e., neutral buoyancy).
The object neither rises nor falls, simulating the space environment. NASA's Water Environment
Training Facility (WET-F) is used for astronaut by adding weight in proportion to the desired gravity
level. This methods was used to successfully train astronauts for Gemini XII extravehicular activities
(EVAs) after failed EVAs on previous Gemini flights. A human subject can be loaded on various body
segments and the torso to attain partial gravity buoyancy. The mass and inertial properties of each seg-
ment determine the ballast to be added [51].
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Unlike parabolic flight, water immersion simulations can last long enough to realistically simulate
most EVA or planetary activities. Water immersion also provides a subject with 6 degrees of freedom,
like the KC-135. Motion is limited only by the dimensions of the tank and perhaps by the range of life
support umbilicals. The blood volume loss that occurs in astronauts in space has also been documented
during 8 hours of neutral buoyancy in water. With all of its advantages, water immersion has one major
drawback, viscosity. The fluid-filled environment of the WET-F is sixty times more viscous than air
that is, in turn, more viscous than the space environment. As long as viscosity is recognized, it can be
compensated for, but this adds another degree of complexity and uncertainty to the experiment. Also,
gravity is still present in this environment and still effects the otolith in an Earth-normal manner, mak-
ing the simulation less realistic. Utilizing the water environment is less expensive than parabolic
flights, but still not cheap, particularly due to construction costs of the immersion tank. Water immer-
sion also complicates the use of electrical devices, which becomes much more problematic under
water [51].
Figure 2.16: Neutral buoyancy tank simulation at Johnson Space Center.
The Sonny Carter Training Facility Neutral Buoyancy Lab (NBL), shown in Figure 2.16, is a 6.2 mil-
lion gallon tank where astronauts and engineers are currently perfecting the techniques for building the
International Space Station. The NBL was built at the Johnson Space Center by the McDonnell Dou-
glas Corporation in 1995. Astronauts training in the NBL breath a gas mixture called NITROX.
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NITROX is air containing Nitrogen (N 2) and Oxygen (02). The air that humans breathe everyday is
NITROX. The NITROX breathing system at the NBL varies the percentage of these gases, enriching
the mixture with extra oxygen, and conversely decreasing the percentage of nitrogen. Under pressure,
nitrogen gas is absorbed into body tissues faster and in higher concentrations. Divers must slowly
ascend or stop intermittently as they rise to the surface to allow the nitrogen to dissolve back out of
their tissues. This process is called decompression. By using Enriched Air Nitrox, the body absorbs
less nitrogen because there is less nitrogen to absorb. The NBL astronauts and divers are able to train
for longer periods to simulate EVA activities [51].
2.6.3 Suspension Systems
The third method for simulating partial gravity is through the use of suspension techniques. By unload-
ing a portion of a subject's weight, a partial loading environments can be replicated. Three types of sus-
pension are discussed in this section: overhead suspension systems with counterbalance simulation,
body inclination systems, and suspension systems with springs. Each has its distinct advantages, but
also disadvantages.
In general, suspension systems are relatively inexpensive. They can be constructed with simple compo-
nents without extensive costs. Suspension systems are also practical because they can be built any-
where there is room for the suspension lines and a sturdy mounting fixture. A common shortcoming of
all suspension systems is the limited degrees of freedom provided for natural movement. This limits
the realism in a subject's training, possibly confounding experimental results. Another problem is that
the internal physiological effects of partial gravity are absent from the simulation. Although the subject
may feel suspended, the IG force is still acting on all internal organs. Finally, some suspension sys-
tems pose a comfort problem [50].
Overhead Suspension Systems with Counterweights
This system operates on the normal suspension principle that reduced gravity can be simulated by
unloading a portion of the subject's weight. The simulated reduced G environment is accomplished by
attaching a counterbalance on subjects. One problem is that a counterbalance adds momentum to the
system and tends to keep the subject moving in the direction of the motion. Another problem is that
keeping a constant force during vertical motion is complicated. This method has not been used exten-
sively [50].
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Body Incline System
This system involves a person walking in a plane parallel to the surface of the Earth. This suspension
configuration inclines the subject on their sides so they are elevated from the horizontal 9.5 degrees
(for lunar simulation), resulting in a perpendicular 1/6 G force. An inclined walkway is used for trans-
lation. However, despite this ingenious concept, a subsequent study showed that the left and right sides
of a subject exhibited a statistical difference in hip motion. Nevertheless, this method of cable suspen-
.sion was used extensively to simulate lunar conditions in the 1960s. The second type of inclination sys-
tem requires that the subject face upward. A treadmill is mounted vertically on a wall and the subject is
suspended in a supine position by elastic suspension cords [40], [50]. Figure 2.17 displays a body
incline system.
54
Section 2.6: Partial Gravity Simulation
yJ
z
I
Figure 2.17: Body incline suspension system. Courtesy of Amir R. Amir, [12]
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Original MIT Moonwalker
The original MIT simulator apparatus, known as the Moonwalker, is derived from a design used at the
Harvard University Field Station [40]. Figure 2.18 depicts the system. The Moonwalker uses an over-
head suspension system to partially or fully unload the subject's legs by means of cables, springs, and
a bicycle harness. The vertical unloading force is produced by stretching two garage door springs in
series along the wall.
&n Harness(
Rcycle
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Wnch
Figure 2.18: The original Moonwalker [50].
This simple setup provides a satisfactory simulation of a partial gravity environment on the lower
extremities. However, a non-vertical lifting force that occurs during locomotion and the discomfort of
the bicycle harness are the main disadvantages of the system. Chapter 3 "Moonwalker Design"
describes the need to enhance the current apparatus and details the design and development process of
an improved partial gravity simulator called the Moonwalker II.
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3
MOONWALKER DESIGN
The following sections detail the design process of the utmost important apparatus of the experiment,
i.e., the Moonwalker II. The improved simulator benefits both the current research project, and any
future partial gravity experiments due to its portability and design enhancements. Most importantly,
the feasibility of the Moonwalker experiment relies on the partial gravity simulator. Consequently, the
functionality of the simulator determines the experimental outcome. The design and development of
the Moonwalker II serve as one of the major contributions to this thesis.
The following sections first describe a pre-existing partial gravity simulator, namely the Moonwalker,
and the need for improvement. Then, the final design of the improved partial gravity simulator, or
Moonwalker II, is presented.
3.1 Description of the Original Moonwalker
The original MIT partial gravity simulator, also known as the Moonwalker, is derived from a design
used at the Harvard University Field Station [37]. The Moonwalker uses an overhead suspension sys-
tem to partially or fully unload the subject's legs by means of cables and springs, and is depicted in
Figure 2.18 of Chapter 2 "Background". The vertical unloading force is produced by stretching two
garage door springs in series along the wall. The level of unloading can be controlled from an electric
winch mounted to the floor, operated by a hand held controller and powered by a standard 12 volt car
battery. A set of two 3 mm wires run from the top of the springs, along the ceiling, and down to a har-
ness. The wires are supported at two points along the ceiling by pulleys affixed to 10.2 X 10.2 cm
supports by eyebolts. The supports are secured to the ceiling using pairs of 6 mm bolts. The wires con-
nect to the harness at two support straps that are connected to both ends of a U-shaped PVC pipe.
Attached to the PVC pipe is a soft gel bicycle seat. The subject straddles the PVC pipe and sits
securely in the bicycle seat. A mountain climbing belt is added to secure the subject to the seat and
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PVC pipe while running or walking. The complete system allows up to 90% of the subject's weight to
be unloaded, while still permitting normal gait for both walking and running [50].
The Need for Improvement
The existing partial gravity simulator is capable of simulating normal Earth gravity and gravities as
low as 0.05 of the normal Earth gravity (0.05-IG). However, there are certain weaknesses in the
design.
First, since the Moonwalker is mounted permanently to the ceiling, it is virtually impossible to trans-
port the system to different experimental sites. A modular capability is desired to best utilize the neces-
sary equipment to measure human physiological parameters during a partial gravity experiment which
might be available in other laboratories. For example, three parameters are proposed to investigate
human gait readaptation in the current human readaptation to IG experiment: (1) ground reaction
forces, (2) muscle electromyogram (EMG), and (3) kinematics of the lower body. It is imperative to
measure the subjects' ground reaction forces in a continuous fashion while they are walking or running
on the treadmill in order to capture the gait characteristics stride by stride. Therefore, a treadmill with
an embedded force plate is needed. An experimental site where all the necessary equipment is avail-
able is preferred. Thus, a portable partial gravity simulator is the solution.
Secondly, the existing simulator does not provide a constant, continuos vertical lifting force. This phe-
nomenon is highlighted during experiments such as jumping and running in which significant transla-
tions occur in the horizontal direction of the movement. The fixed suspension design causes the
subjects to experience different varying vertical forces during movements. As a result, the degree of
partial gravity simulation is unrealistic. Figure 3.1 utilizes simple vector geometry to explain the vary-
ing vertical force phenomenon. As the subject translates under the fixed pulley, the cable wire that con-
nects to the subject must increase in length, which results an increased spring tension and the
magnitude of the vertical force acting on the subject (from vector B to A in the figure). As a result, the
direction of the lifting force (vector A) is no longer perfectly vertical.
Finally, the existing design utilizes a harness based on a racing bicycle saddle to transmit the vertical
force of the springs to the subject. The saddle is fixed to a U-shaped carrier made of PVC (plastic poly-
vinyl chloride pipe). A mountain climbing harness is added to secure the subject to the seat while run-
ning or walking (Figure 2.18). This design provided a marginally comfortable and nonrestrictive mean
of supporting the subjects. In fact, many subjects suggested an improvement on the harness for future
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Figure 3.1: The varying vertical lifting force phenomenon of the original partial gravity simulator.
experiments because the bicycle saddle harness caused discomfort and unnatural locomotion due to the
presence of a PVC pipe in the groin area.
3.2 Design and Construction of Moonwalker II
The Moonwalker II is designed with the following goals and constraints:
1. Portability
2. Assemble and dissemble time
3. Structural integrity
4. Flexibility
5. Harness comfort
6. Practicality
7. Dimensional Constraints
Portability
One of the goals of designing the Moonwalker II is to achieve portability, so that the system can be eas-
ily transported to different experimental sites. A typical van, which might be used for transportation,
can accommodate a maximum of 244 cm in length. From Table 3.2, it is clear that the minimum
heights of the partial simulator for walking and jumping experiments are to be 245 cm and 285 cm,
respectively, which implies the Moonwalker II would not fit in a van if the simulator is constructed of a
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single-piece structure. Another consideration is the ease of handling the Moonwalker II. If the simula-
tor is built from long, heavy structural elements, it would be difficult to handle and transport the sys-
tem.
Assemble and Dissemble Time
Since the Moonwalker II is to be used at different experimental sites, the assemble and dissemble time
of the system must be considered. As the number of pieces in system increases, the time required to
assemble the Moonwalker II increases as well. Therefore, the design must utilize the minimum possi-
ble amount of materials to achieve a reasonable assemble and dissemble time (- 3 hours).
Structural Integrity
Structural safety is one of the most important aspects in designing the Moonwalker II, especially for
the use of human subjects. A proper material is chosen, with a Young's modulus to assure proper struc-
tural load margins. In addition, a stress/moment analysis is performed to determine the expected forces
and moments acting on each member of the suspension system. Assuming a typical subject of 70 kg,
the Moonwalker II should be designed to suspend 200 kg of mass. In other words, the Moonwalker II
should have at least a safety factor of two to three.
Flexibility
Not only must the simulator be structurally sound, but it should also be flexible enough to satisfy the
experimental needs. Since walking is not the only experiment being performed with the Moonwalker
II, it is necessary for the system to facilitate both a walking and jumping experiments. Therefore, a
retractable mechanism is needed so that the height of the simulator can be easily adjusted to accommo-
date different tasks. By incorporating this feature in the design, the system would be flexible enough to
accommodate different heights of the subjects. Being able to choose subjects with different heights
would ensure a well represented data set.
Harness Comfort
Harness comfort presented a challenge because it is extremely hard to suspend a person in the upright
orientation. Conventional rock climbing harness suspend the person around the wait area, causing a
concentrated pressure at one area. The degree of comfort depends on how well the pressure is distrib-
uted around the subject's body. Therefore, the goal is to design a harness that is capable of distributing
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the pressure evenly around the subjects' body, allowing shoulders, upper body, and waist to support the
body weight simultaneously.
Practicality
Even with the previously mentioned goals incorporated into the design, the system would be of little
use if the simulator fails to provide an efficient means of acquiring data. One of the most common
equipment used in a biomechanics experiment is motion analysis system, which generally consists of
several cameras to track the markers attached to the subject's skin. Therefore, it is preferable that the
cameras have a clear path to the subjects of interests. Any obstacle between the video cameras and the
subject will hinder data acquisition, causing missing data points. Although it is not impossible to
acquire motion data with limited views of the subject, however, it is much easier and faster to accom-
plish the task with a clear path of the subject from the cameras. This presents a rather challenging
design constraint for the simulator. Unobstructed viewing volume implies less beams and columns in
the structure, this would greatly reduce the structural integrity of the simulator.
Dimensional Constraints
The major design constraint is that the system must be spacious enough to suspend a subject in both
walking and jumping experiments. For locomotion experiments, subjects will be suspended from the
Moonwalker II while they are walking on a motorized treadmill. For jumping experiments, the sub-
jects will be suspended from the Moonwalker II while standing on a platform or jumping stage. Given
the anthropometry of an average subject, the dimensions of a force plate embedded treadmill and a
jumping platform listed in the Table 3.1, it is clear that the dimensions of the frame must be adequately
designed to accommodate these dimensions.
Table 3.1: Dimensions of Average Subject, Treadmill, and Platform
Dimension Subject (cm) Treadmill (cm) Platform (cm)
Height 172.7 22 61
Width na 84 97
Length na 201 107
According to Table 3.1, the height of a subject standing on a treadmill or standing on a platform is
approximately 194 cm and 234 cm, respectively. To ensure unobstructed locomotion, at least another
50 cm should be reserved for overhead suspension equipment such as the crossbar, pulleys and cables.
Therefore, the Moonwalker II is designed to provide at least 245 cm in height for locomotion experi-
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ments, and 285 cm to accommodate jumping experiments. In addition, there should be at least 25 cm
of space around the largest object inside the suspension system. This cushioning space allows the sub-
ject to move around freely inside the simulator. By adding this extra space (25 cm) to the minimum
desirable dimensions of the frame (97 X 201 cm), it is clear that the Moonwalker II should be at least
122 cm in width and 226 cm in length. One last constraint considered is the range of forward (horizon-
tal) translation in the direction of the movement. In treadmill walking exercise, the average translation
in the direction of the movement is found to be approximately 60-90 cm in a pilot study. For the jump-
ing case, a pilot study indicated that the average translation distance is approximately 60 cm. Thus, the
system is designed to allow at least 90 cm of translation distance in the direction of the movement.
Table 3.2 summarizes the Moonwalker II recommended dimensions.
Table 3.2: Specified Minimum Dimensions of the Moonwalker II
Experiment Height (cm) Width (cm) Length (cm) Translation (cm)
Walking 245 122 226 90
Jumping 285 122 226 60
3.3 Preliminary Design
The purpose of this preliminary design is to come up with a marginally feasible protocol before the
actual design takes place. This design does not take the previously mentioned goals and constraints
into consideration, however, it provides answers to three questions:
1. How much materials are required to construct a simple suspension frame?
2. What is the cost?
3. What kind of materials should be used?
Figure 3.2 shows the preliminary design. The suspension frame demonstrates the concept of simplic-
ity, low cost, and good structural integrity. All the parts can be purchased from Unistrut Corporation,
Michigan. The main disadvantage of this design is that the structure is too bulky to transport. In addi-
tion, the two long horizontal beams, located approximately align with the subject's hip area, interfere
with kinematics system. Despite some of the drawbacks of the preliminary design, it nevertheless sets
a solid ground for a more refined design. This design also demonstrates that Unistrut (Michigan) is an
ideal resource to acquire the required materials. The stainless channels and fittings that Unistrut pro-
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vides have the necessary properties (i.e. Young's Modulus) and versatility to be assembled in different
ways to suit any particular applications.
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Figure 3.2: Moonwalker II preliminary design concept. Dimensions are in cm.
3.4 Final Design
Figure 3.3 and Figure 3.4 show the final design of the Moonwalker II. One of the main features of the
improved design is that the four main posts are composed of telescope square tubings. Smaller size
tubings can fit smoothly and snugly into the next larger size, allowing the extension or retraction of the
height of the posts. Two telescope tubings, each having a length of approximately 1.8 m, are connected
to each other by a galvanized safety pin. This feature allows easy adjustment of the height of the post
by removing the safety pin.
When fully extended, the length of the post can reach as high as 3.6 m. The telescoping feature makes
the Moonwalker II a versatile system. It is able to accommodate subjects with different heights, and
experiments of different locomotions (walking or jumping). The dimensions of Moonwalker II also
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Figure 3.3: Moonwalker II Final Design
satisfy the design constraints. With a 2.66 X 1.60 m enclosed area, it is large enough to fit most of the
available treadmills today. Table 3.3 shows the final dimensions of the Moonwalker II.
To satisfy the portability concept, Moonwalker II is made of only steel channels less than 1.8 m in
length. If longer channels are required, two shorter channels are connected together by a U-shaped fit-
ting to produce a longer one. There are four such connections in Moonwalker II, two at the base and
two at the top of the frame (Figure 3.3). The connections are fairly weak in supporting loads and bend-
ing moments and therefore should be void of any structural loading. To accomplish this goal, any load-
ing of the frame is designed to be applied directly to the four diagonal tubular knee brace as shown in
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Table 3.3: Moonwalker II Final Dimensions
Dimension Measurement (cm)
Width 161
Length 267
Height 250 - 366 (adjustable)
Figure 3.3. Such design allows the loading to transmit along the knee brace and eventually onto the
vertical telescope square post.
The entire system is held together by 1.27 cm (1/2") diameter hex-head cap screws and bolts. A ratchet
with a 12.7 cm socket is the only tool required to assemble the Moonwalker II. With well written
instructions, one person can assemble the system together within a 4 to 5 hours. However, two people
are strongly recommended to work together to ensure safety. Several timed assembly and dissembly of
the Moonwalker II were performed, and the average assemble and dissemble times are 3 hours and 2 1/
2 hours, respectively. These times are well within the time requirements specified in "Assemble and
Dissemble time" section previously. Appendix B "Moonwalker Parts List" shows the complete parts
list of the simulator.
Finally, the system allows a spacious and unobstructed viewing volume for any motion analysis sys-
tem. Both the front and side views of the frame clearly show that almost no obstructions exist between
the camera and the subject inside the frame. This design enhances data acquisition integrity and
ensures that all data can successfully be collected. Figure 3.5 displays the Moonwalker II with a sub-
ject placed inside.
3.4.1 Trolley System
The trolly assembly represents a significant improvement over the previous Moonwalker model. The
rolling trolley system, inspired by Kram et al. [17], ensures that only a vertical force is applied to the
subject regardless of his or her position along the length of the treadmill. This feature simulates a real-
istic partial gravity environment by eliminating the non-vertical gravity components. The trolley sys-
tem frame is a ladder-shaped structure consists of four squared (5 X 5 cm) aluminum tubings welded
together. Four low friction trollies and two pulleys are mounted to the aluminum frame by bolts and
nuts. A third pulley is hung from the other two pulleys by cable wire. Directly attached to the third pul-
ley by an eye bolt is a strain gauge. Lastly, a cross-shaped aluminum structure (or crossbars) is
mounted below the strain gauge by a 1.27 X 5 cm bolt. The subject is suspended from the crossbars.
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Figure 3.6: Schematic drawing of the Moonwalker II trolley assembly.
3.4.2 Cable Wires, Springs and Electric Winch
All cable wires are 0.64 cm in diameter and coated with a plastic layer to prevent them from rusting.
Figure 3.3 shows the routing of the cable wires. Connected to each end of the cable wire is a garage
door spring, which in turn is connected to an electric winch via a cable wire.
As mentioned earlier, the springs are responsible for creating the vertical lifting force on the subject.
However, the springs must be carefully arranged to minimize the force fluctuation during a subject's
movement. The following presents a solution to minimize the force fluctuation:
The spring force output (F) is related to the spring constant (k) and the change in spring length (Ax)
by Eqn. 3.1. Assuming the maximum vertical displacement for any subject during locomotion is con-
stant, then the maximum change in spring length (Ax) is constant. As a result, the spring force output
is entirely depend on the spring constant, k.
F = k X Ax (3.1)
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In order to minimize the force fluctuation and thus the percent error of the desired force output, the
spring constant should be minimized. Figure 3.7 shows an example in which reducing the spring con-
stant reduces the percent error of the desired force output. The drawn-to-scale figure shows that with
the same vertical displacement, the spring with a constant equals to one has an error range doubled that
with a constant of one half,
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Figure 3.7: Force fluctuation comparison between two springs of different constants. El and E2 are the force
fluctuation ranges for K=1/2 and K=1 springs, respectively. Ax is the constant displacement.
One way to minimize the spring constant is by placing the springs with the same constant in series.
Since the equivalent spring constant (Keq ) of n multiple springs in series can be found by Eqn. 3.2,
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therefore, two springs with the same constant put together in series would reduce the equivalent spring
constant to half of the original spring constant.
K(eq k
Z(ki)
(3.2)
However, the ceiling height of MAL at BU limits the maximum height of the frame to be 2.6 m. With
the given height, only one spring can be used on each side of the frame. This greatly increases the fluc-
tuation of the force and the error during running. However, the percent error of the vertical lifting force
is kept under 18% given such constrain. Figure 3.8 shows the force fluctuation of a given trial of a sub-
ject, and Table 3.4 tabulates the percent error result obtained from 10 of 12 subjects. No fluctuation
data is used from subjects E and H due to poor data quality.
Subject J, Day 1 - Suspension Trial Vertical Lifting Force Output
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Figure 3.8: Force fluctuation of a particular suspension trial.
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Table 3.4: Average Vertical Lifting Force Error for Individual Subject.
Subject Vertical Lifting Force Error (%)
A 18.1773
B 17.9316
C 16.7326
D 16.8427
E
F 15.0783
G 16.2980
H
1 15.2447
J 18.2959
K 18.6230
L 17.9279
Mean 17.1152
A second tangible trick that helps to minimize the force fluctuation is to distribute the force evenly to
the two springs. In order to distribute the force evenly to the two springs, the springs must be pulled
together simultaneously. However, there is only one available winch. As previously explained, pulling
on one end of the cable will cause the spring closer to the winch to stretch more than the one farther
away because of friction in the pulleys. Thus, if both springs can be pulled at the same time, the force
fluctuation will be minimized due to a balanced distributed loading on both springs. In this construc-
tion, the electric winch is modified to pull two cable wires simultaneously (Figure 3.9).
3.5 Harness
A rock climbing harness is the first introduced (East Mountain Sports, Boston, MA). This harness
serves as a belt around the waist with two leg straps connected to the belt that can be adjusted snugly to
fit the thighs of each subject. Finally, there are front and back nylon loops attached to the harness used
for suspension purposes. The problem with this harness is that most of the pressure is concentrated
around the groin area when subjects are suspended. Blood circulation can be restricted after a pro-
longed period of suspension.
The second attempt is to design something similar to a parachute harness in which the subject is sus-
pended from his/her shoulders. A parachute-like harness purchased from Neurocom (Clackamas, OR)
is used. The advantage of this harness is that it distributes the pressure more evenly than the rock
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Figure 3.9: Electric winch. Two cable wires are being pulled simultaneously (one on top, and one at the bottom
of the picture). An custom made aluminum flange mounted in the middle of the shaft to prevent the two cable
wires from tangling.
climbing harness since there is a chest strap as well as the two leg straps. As a result, some of the pres-
sure is actually being supported by the chest and armpits of the subject. However, most of the pressure
still gets transmitted down to the groin area. Many subjects feel pain after long period of suspension.
After several other attempts, a final harness design is developed (Figure 3.10). It is a combination of
the a upper-body vest (Neurocom) and a rock climbing harness (East Mountain Sports). The upper-
body vest consists of two loops that buckle snugly about each thigh and connect to straps that pass over
the shoulders. Connected to the shoulder straps are two steel buckles that are used for suspension pur-
poses. The second piece is a rock climbing harness that serves as a belt around the waist, and it also has
a leg strap around each thigh. There are two nylon loops connected to the front and back of the belt that
can be used for suspension. The final harness configuration has a four point pick ups that are connected
to adjustable straps. When suspended, this harness provides a evenly distributed pressure around the
body. One can adjust the length of the suspension straps until desired body pressure is accomplished.
3.6 Advantages and Disadvantages of Moonwalker II
Moonwalker II has many advantages including portable system assembly, sound structural integrity,
functional flexibility, improved harness comfort, high practicality, and increased degree of realism for
partial gravity simulation. First, the design of the simulator achieves both portability and structural
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Figure 3.10: Harness final configuration.
integrity. Its portability allows the system to be transported to different locations for experiments and
demonstrations, and the short assembly and dissembly time have further enhanced its portability.
Structurally, the simulator is reinforced with braces that is capable of suspending subjects up to 200 kg.
Second, Moonwalker II has versatile functionality. The frame structure can be extended to accommo-
date subjects of different heights, and or jumping experiments that requires a higher vertical distance.
Most importantly, the harness of the simulator has been enhanced significantly to increase the comfort
level for the subjects. The subject's comfort level is an important factor because the integrity of the
obtained data is directly correlated to the nature of the subject's locomotion. Moreover, the simulator
design guarantees high practicality by allowing unobstructed volume inside to the simulator for reli-
able and continuos kinematic data collection. Finally, the trolley system adds an extra degree of real-
ism for partial G simulation by keeping the direction of the vertical lifting force constant regardless of
the position of the subject relative to the simulator.
Despite the advantages, the system can yet to be improved further. Utilizing the spring as the tension
generator can cause magnitude fluctuation of the vertical lifting force. In addition, the comfort level of
the harness is not yet desirable. Further improvement of the harness can ensure a natural locomotion by
the subjects. Figure 3.11 displays the Moonwalker II in a partial gravity simulation.
73
M
Chapter 3: Moonwalker Design
Figure 3.11: Moonwalker II simulating a partial gravity environment on subject.
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METHODS
This chapter describes the detailed methodology of the human readaptation experiments. Section 4.1
describes the subjects who participated in the readaptation experiments. Section 4.2 outlines the exper-
imental equipment employed during the partial gravity readaptation experiments. Section 4.3 describes
the experimental protocol. Finally, 4.4 details the data reduction and data analysis
4.1 Experimental Subjects
Fourteen volunteer subjects are tested using the Moonwalker protocol. Among these subjects, five are
females and nine are males. All subjects are experienced treadmill runners and ranged in age from 22
to 38 years, height from 1.55 to 1.77 m, and weight from 502 to 786 N. The two most important criteria
for subject selection are medium stature and weight. The limited ceiling height (2.6 m) of the labora-
tory places a constraint on the maximum height of the experimental apparatus, or Moonwalker II. After
careful preliminary measurements, the maximum subject height and weight of 1.83 m and 800 N are
designated, respectively. Table 4.1 shows the subjects' anthropometric measurements. Lastly, the sub-
jects are divided into two groups. Group I consists of subjects A to F, and group II consists of G to L
while two subjects (X and Y) are used for the pilot study (P) of the experiment. Each group contains an
equal number of males and females.
4.2 Experimental Apparatus
All Moonwalker experiments are performed at the Motion Analysis Laboratory (MAL) of the Sargeant
College of Rehabilitation and Sciences at Boston University (BU). The MIT Moonwalker II simulator
and the MAL data acquisition system provide the ability to collect full body kinematics, vertical
ground reaction forces and muscle electromyogram in a simulated partial gravity environment. A
description of each piece of equipment is provided below.
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Table 4.1: Moonwalker experiment subject database.
Lower
Weight Weight Thigh leg Foot
Age Height dayl day2 length length length
Subject Group Gender (yr) (n) (N) (N) (cm) (cm) (cm)
A I M 25 1.68 577.4 579.2 34.3 36.2 15.9
B I F 24 1.55 616.5 616.5 41.9 34.3 15.9
C I F 34 1.63 544.5 548.5 43.2 37.5 15.9
D I M 23 1.65 704.6 706.8 35.6 34.3 16.5
E I M 27 1.77 592.9 582.3 40.6 40.6 17.8
F I M 25 1.70 662.8 650.8 38.1 36.8 16.5
G II M 39 1.70 660.1 699.7 36.8 38.1 16.5
H II M 25 1.75 657 650.3 40.6 40.0 16.5
I II M 38 1.69 753.5 766.4 41.3 41.3 15.9
J II M 22 1.70 786.4 786.4 34.3 36.2 17.1
K II F 23 1.65 570.7 577.8 36.8 36.8 16.5
L II F 28 1.57 519.1 520.9 36.2 36.8 15.9
X P F 24 1.65 501.8 519.5 38.1 36.8 15.2
Y P M 22 1.73 707.7 701 40.6 39.4 17.8
4.2.1 Moonwalker II
The MIT partial gravity simulator, known as the "Moonwalker II", is an improved version of a previ-
ous partial gravity simulator located in the Man-Vehicle Laboratory (MVL) at MIT in the department
of Aeronautics and Astronautics. The main component of the Moonwalker II is derived from a design
previously used at Harvard University by Kram et al. [25]. The Moonwalker II is a suspension system
that is used to simulate partial gravity on the lower extremities (Figure 3.3). The subject wears a two
piece safety harness (Neurocom, OR) of nylon webbing that is connected to an aluminum crossbar
above the subjects' head which stabilizes the vertical straps of the harness away from the subject's
chest and arms. Attached to the crossbar is cable wires and heavy springs. The suspension simulator
creates a vertical lifting force on the subject by stretching two garage door springs, which in turn
reduce the load supported by the lower limbs, effectively treating the rest of the body as a point mass
centered at the pelvic region. The level of unloading is easily controlled by an electric winch mounted
to the base of the simulator frame, operated by a hand held controller and powered by a standard 12
volt car battery.
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4.2.2 Ground Reaction Force
Muscle, bone, and tendon forces along with the movement of the center of mass, and the spring prop-
erties of the body during terrestrial locomotion can be measured using ground-mounted force plat-
forms. However, these measurements can be extremely time consuming due to the difficulty in
obtaining repeatable constant speed trials [26]. A treadmill with embedded force plates is ideal to
record unlimited number of successive ground contacts in a brief time interval.
Vertical ground reaction force (GRF) is measured using the Gaitway instrumented treadmill and data
acquisition software manufactured by Kistler (Amherst, NY). Figure 4.1 shows an overview of the
Gaitway system. The system consists of a treadmill with 1.37 X 0.61m bed, tandem piezo-electric
force plates with a maximum load capacity of 6000 N, mounted flush with the bed underneath the
treadmill surface, speed and inclination control, speed sensor, and a 10-channel signal conditioner
(eight forces, belt speed, and foot discriminator) with six user-defined auxiliary channels. The ampli-
fier has variable gain settings of 2000 or 6000 N. The Kistler treadmill measures normal vertical
ground reaction forces, center of pressure (COP) and temporal (time-based) parameters. The software
detects, separates, and distinguishes left and right foot strikes. For all the tests described here, the
amplifier gain setting is set at 2000 N.
In addition, up to six auxiliary channels can be connected to the system for simultaneous acquisition of
the force data. The Gaitway data acquisition can be initiated either by using an external trigger taking
in signals from another system, or pushing the START button on the Gaitway software interface appear
on the computer screen. In this experiment, Gaitway uses external trigger for all data acquisition. This
feature is necessary if one wants to synchronize kinematics data with the GRF. The handrails of the
treadmill are detached to provide an unobstructed viewing volume for the kinematics system.
4.2.3 Electromyogram
Surface electromyogram (EMG) is the second measurement made in the experiment. EMG is a tech-
nique whereby voltage-measuring electrodes attached to the surface of the skin are used to detect mus-
cle contractions. When muscles contract, an action potential (or electrical signal) is generated and
propagates along the muscle fibers. This electrical signal, infers various phenomena of muscle contrac-
tion such as muscle onset timing and force generation, can be detected by conducting electrodes.
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Figure 4.1: Gaitway instrumented treadmill.
Four channels of muscle activity are recorded using Delsys surface EMG electrodes shown in
Figure 4.2. Each differential electrode (Delsys, DE-2.1: Boston, MA) consists of two parallel silver
bars on its detection surface (each 1.0 cm long and 1.0 mm wide, spaced 1.0 cm apart). The electrode
also has an amplifier voltage gain of approximately 1000 ± 5% and a fixed bandwidth of 20-450 Hz.
The common mode rejection ratio (CMRR) is 92 dB @ 60 Hz with input impedance greater than 1015
ohm and noise less than 1.2 s V. Each electrode is attached to the skin via a double sided adhesive
(electrode interface). A ground lead is attached to the subject's knee cap area with a pediatric EKG
electrode.
The EMG electrode leads are routed to a small 8-channel connector box that is placed in a fannie pack
worn by the subject. This box is connected to the A/D board of a Dell Pentium 166 PC via a 3 m long
computer ribbon cable. The output of the A/D board is connected to a 12-channel EMG signal condi-
tioner by a second ribbon cable. Finally, four outputs of the conditioner are connected to four of the six
auxiliary inputs of the Gaitway instrumented treadmill to synchronize the EMG and GRF data.
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Figure 4.2: Delsys EMG system. The figure shows four differential electrodes, EMG interfaces (green), a 8-
channel connector box, and a 12-channel EMG signal conditioner.
4.2.4 OPTOTRAK Motion Analysis System
Kinematic data of hip, knee, and ankle joints are the third major measurement made in this experiment
using the OPTOTRAK motion analysis system shown in Figure 4.3 (Ontario, Canada). The system
tracks small infrared light-emitting diodes (IREDs) markers which are attached to a subject or object.
Unlike video tracking systems which traditionally employ reflective markers, the OPTOTRAK bene-
fits as an optical system employing active marker technology. True real-time 3D/6D data rates as well
as high tracking accuracy are two advantages of this technology. The OPTOTRAK system consists of
four major components: the position sensor, the system control unit, the strober, and the IREDs.
Position Sensor
The OPTOTRAK position sensor (Figure 4.4), placed 5 m away from the front view of the Moon-
walker, is the main component of the system. It is powered by an AC input of 100-240V with data sam-
pling capability of 3500 Hz (raw data) and 600 Hz (real time 3D data). The position sensor consists of
three individual anamorphic lenses each having a resolution of 1:200,000 (power axis), field of view of
34 X 340, and an accuracy of 99.9% (power axis). The sensor's RMS accuracy is at 2.5m distance: 0.1
mm for X, Y coordinates, 0.15 mm for Z coordinate; 3D Resolution at 2.5m distance: 0.01mm. The
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Figure 4.3: The OPTOTRAK system.
position sensor connects directly to the communication port of the system control unit (see next para-
graph) via a 15m long,10-pin (Lemo) cable.
System Control Unit
Figure 4.5 shows The OPTOTRAK system control unit which is powered by AC input of 100-240V. It
is the "brain" of the system where all incoming and outgoing information are integrated and processed.
The control unit is responsible for powering the strober which connects up to six IREDs, and receives
feedback information from the position sensor. It has four strober ports in which a maximum of four
strobers can be connected. In the Moonwalker experiment, only two strober ports are used: one for the
six IREDs on the subject, and the other one for the two IREDs on the treadmill. Lastly, the system con-
trol unit has a external trigger that is used to trigger another system (Gaitway for example) for record-
ing multiple sets of data simultaneously.
Strober Unit
The next component is the 6-channel strober unit (Figure 4.6) that connects directly to the system con-
trol unit through a 7.62m long, 4-pin (Lemo) cable in one end, and to six IREDs at the other end. The
strober unit receives power and signals from the system control unit to control the firing sequences of
the IREDs. A strober unit can connect up to six IREDs at a time, however, if more than six IREDs are
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Figure 4.4: OPTOTRAK position sensor and the X, Y, and Z coordinates.
Figure 4.5: OPTOTRAK system control unit.
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required, the strober can be daisy chained with other unit so that more than six IREDs can be con-
nected.
Figure 4.6: The 6-channel strober unit is connected to six IREDs.
IRED
The OPTOTRAK infrared emitting diodes, also known as IREDs, must be "in view" of the Position
Sensor to collect data. Each IRED (Figure 4.6) connects to one of the six channels of the strober unit
via a 90 cm long, coaxial (Lemo) cable. The markers are attached to the subject by double-sided adhe-
sive marker pads. The surfaces of subject where the markers adhere must be free of oil, wax, and dirt
before application. If any markers go out of view, they will be automatically identified by the system
when they return into view. The OPTOTRAK position sensor is able to distinguish the infrared light
emitted from markers while ignoring interference from reflections and ambient lighting.
4.2.5 Strain Gauge
The final measurement of the Moonwalker experiment is the vertical lifting force on the subject gener-
ated by the two springs. This measurement serves two purposes. First, it is used to determine the cor-
rect vertical lifting force so that the correct amount of load can be taken off from the subject during
Martian gravity simulation. Second, it is used to monitor the force fluctuation during the Martian grav-
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ity run. The vertical lifting force on the subject is designed to be as constant as possible to simulate a
partial gravity environment. However, since the center of mass (CM) of the subject moves up and
down while running, the force generated by the springs will also fluctuate. Therefore, it is important to
monitor the force fluctuation during the suspension run so that the error of the simulated gravity can be
documented.
A strain gauge (Interface SM-500, AZ) with a capacity of 2000 N, is mounted on top of the cross-bar
(Figure 4.7 (a)). It has an accuracy of greater than 99.9%, a safe overload of ± 150% CAP, zero balance
of ±1.0%, bridge resistance of 350 Ohm, and a rated output of 3.0 mV/V. The strain gauge outputs a
voltage corresponding to the load directly onto the strain gauge display shown in Figure 4.7 (b). The
strain gauge display shows the voltage value in real time and sends this signal to one of the six auxil-
iary inputs of the Gaitway treadmill via a 10 m BNC cable. Finally a calibration is performed and the
result is shown in Figure 4.8. A linear relationship is found between the actual force load and the strain
gauge output.
(a) (b)
Figure 4.7: (a) Strain gauge mounted on top of the aluminum cross bars. (b) Strain gauge display unit.
4.2.6 Data Acquisition and Processing Computers
Four data acquisitions are taken place simultaneously: OPTOTRAK for kinematics, Gaitway for GRF,
EMG, and strain gauge (only during simulated Martian gravity suspension runs, see Section 4.3.3).
The four systems are connected to each other to achieve data synchronization (Figure 4.9). The exter-
nal trigger port of OPTOTRAK is connected to the trigger-in port of Gaitway, and the four EMG chan-
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Strain Gauge Calibration Curve
30
Actual Mass (kg)
Figure 4.8: Strain
gauge output.
gauge calibration curve. A linear relationship is found between the actual mass and strain
nels and the strain gauge output are connected to the auxiliary inputs of Gaitway. OPTOTRAK thus
serves as the triggering device, i.e., when data acquisition starts on OPTOTRAK, it starts the data
acquisition on Gaitway.
Processing Computers
All GRF, EMG, and strain gauge data are acquired on one Pentium 166 PC, whereas the OPTOTRAK
data is acquired on a second Pentium 166 PC. The OPTOTRAK data acquisition program permits
viewing of the IRED positions in "live" mode for real-time verification of marker visibility. If a marker
is not seen by the position sensor at any time, the program will display "Missing" on the computer for
the corresponding marker and frame time so that markers can be adjusted properly. The Gaitway acqui-
sition program allows the user to check the collected data in graphical form to verify that each channel
is recorded successfully before saving the data on the hard drive.
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Figure 4.9: Acquisition Systems Configuration
4.2.7 Other Equipment
A tripod video camera and a Sony VHS recorder are placed next to the OPTOTRAK position sensor to
record the entire experimental process for each subject. Video footage is used for spotting any proce-
dural errors in the trials. In addition, A 6-digit stop watch, capable of recording time to an accuracy of
one-hundredth of a second, is used to time the length of each experimental trial.
4.3 Experimental Protocol
Experiments utilizing a cable suspension system, known as the Moon Walker II, will be implemented
to test the hypotheses mentioned in Chapter 1 "Introduction". The following adaptation experiment
will be proposed: simulated partial gravity running. Electromyogram (EMG) data of four lower leg
muscles (rectus femoris, biceps femoris, tibialis anterior, and gastrocnemius), joint angle trajectory
(hip, knee, and ankle), and vertical reaction force are three measures chosen to assess human gait read-
aptation from partial G environment.
4.3.1 Human Use Approval
The Moonwalker experiment is approved by both the MIT's Committee on the Use of Humans as
Experimental Subjects (COUHES) and BU. All subjects are volunteers and permitted to withdraw
from the study at any time for any reason. Before participating in the study, each subject reads and
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signs a statement acknowledging informed consent. Appendix A includes a copy of the subject consent
form that is signed by all subjects.
4.3.2 Subject Preparation
All subjects wear T-shirts, athletic shorts or spandex, and no shoes or socks. The reason that no shoes
are worn is to prevent the different brands and conditions of shoes that can be worn during the two
experimental sessions (See "Balanced Experimental Procedures" on page 93.), which may influence
the consistency of the ground reaction forces both within and across subjects. Therefore, the subjects
do not wear shoes to eliminate this extra degree of ambiguity. In addition, subjects do not wear socks to
allow the OPTOTRAK position markers (IREDs) be placed directly on the skin of subject's right foot
in order to keep the markers stationary relative to the limb.
Initially, a number of anthropometric data are measured and recorded for the use of calculating the
walking/running speed. They include height, thigh length, lower leg length, and foot length
(Table 4.1). Next, the subject wears the 2-piece harness system as tightly as possible without hurting
themselves. Pieces of foam are inserted around the shoulders and stomach area to provide extra cush-
ion. The subject also wears a fannie pack around their waists to carry the EMG connector box. The sur-
face EMG electrodes are then placed parallel to the four interested muscles fibers: (1) Rectus femoris
(RF), (2) Biceps femoris (BF), (3) Tibialis anterior (TA), and (4) Gastrocnemius (GA). Prior to the
attachment, the skin surface is cleaned with rubbing alcohol, each electrode is then attached to the skin
with the 2 sided adhesive EMG interface. After the attachment of the electrodes, athletic pre-wraps are
used to wrap around the area where the electrodes are to further secure the them in place. The EMG
leads are connected to the connector box that is to be placed in the fannie pack behind the subject's
waist. A 3 m long ribbon cable is used to connect the connector box to the A/D board of one of the
computers.
Next, six IREDs are fixed to the acromion process, femoral greater trchanter, lateral aspect knee joint
line, lateral malleolus, calcaneous, and the fifth metatarsophalangeal joint, on the right side of the
body. Figure 4.10 shows a fully prepared subject before the experiment. In addition, two additional
IREDs are fixed to the edge of the treadmill bed parallel to the ground. The hanging wires from the
IREDs are wrapped together to the body segments so they do not swing around during subjects' move-
ment. The subject is asked to walk around, jump a few times, and make knee bends to ensure that the
IREDs, ribbon cables, and EMG electrode leads do not interfere with subject's mobility. The IREDs
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are connected to the strober unit, which in turn is clipped to the belt of the fannie pack. Finally, a 7.6 m
long strober cable is used to connect the strober to the OPTOTRAK control unit. At this point, the
OPTOTRAK system is powered up with the computer monitor showing all position markers in real
time.
4.3.3 Test Procedure
The test procedure consists of the following steps, which are described in further detail in the following
sections:
1. Speed normalization and Martian loading calculation
2. Modified walking gait
3. Training
4. Baseline walk
5. Baseline run
6. Martian gravity suspension run
7. Countermeasures
a. No delay
b. Delay for 60 seconds
c. Jumping with weights
8. Post countermeasure walk
9. Rest
1. Speed Normalization and Martian Loading Calculation
Prior to testing, the optimal walking and running speed of each subject is first determined. This speed
is normalized to the subject's height. The optimal walking and running speeds are found by multiply-
ing the subject's height by the factors 0.8 and 1.73, respectively. This method of normalizing gait
velocity was suggested in order to eliminate stature differences which are known to affect absolute
walking speed and other variables [16].
Martian gravity is 3/8 of the normal gravity, or 3/8 G. To simulate such environment, an appropriate
weight must be unload from subject. This weight is found by multiplying the subject's weight in strain
gauge reading (SGR) by 5/8. By unloading 5/8 of the subject's weight using the Moonwalker II, the
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(a) (b)
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(c) (d)
Figure 4.10: Subject's (a) front, (b) back, and (c) side views. (d) OPTOTRAK IREDS are fixed at (1) acro-
mion process, (2) femoral greater trchanter, (3) lateral aspect knee joint line, (4) lateral malleolus, (5)
calcaneous, and (6) the fifth metatarsophalangeal joint of right side of the body.
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subject now bears only 3/8 of the original weight, thus the simulated Martian gravity is achieved.
Table 4.2 shows the normalized speeds and Martian loadings of all subjects. Each subject walks, runs,
and unloads according to the corresponding values.
Table 4.2: Normalized Walking, Running Speeds, and Martian Loading of All Subjects.
Martian
Average Walking Running Unloading
Subject Weight (SGR Height (m) Speed (m/s) Speed (m/s) (SGR)
A 470 1.68 1.34 2.91 295
B 498 1.55 1.21 2.68 311
C 448 1.63 1.30 2.82 280
D 580 1.65 1.30 2.86 363
E 484 1.77 1.39 3.08 303
F 542 1.70 1.34 2.95 339
G 571 1.70 1.34 2.95 357
H 538 1.75 1.25 3.04 336
I 619 1.69 1.34 2.95 387
J 640 1.70 1.34 2.95 400
K 470 1.65 1.30 2.86 294
L 426 1.57 1.25 2.73 266
2. Modified Walking Gait
For all walking trials performed in the experiment, the subject walks with both of his or her forearms
elevated just enough to prevent the OPTOTRAK maker at the greater trochanter (marker 5 in
Figure 4.10 (d)) from being blocked due to the periodic swing of the arms. The subject is allowed to
swing their shoulders naturally and reminded about this point through out the experiment.
3. Training
Prior to the start of testing, the subject completes a 5 minute walk on the treadmill at a normalized
speed (Table 4.2) to familiarize themselves with the treadmill and stabilize their neuromuscular activa-
tion patterns. Previous investigations have shown that stable muscle activation patterns and gait cycle
behavioral events are achieved within the first 15 minutes of treadmill locomotion [55]. During this
adaptation time, a 10 second trial is taken to verify all EMG, GRF, and OPTOTRAK channels are
being recorded properly, then the trial is discarded afterwards.
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After getting familiarized on the treadmill, the subject practices on stepping on an already moving
treadmill (stepping-on-treadmill maneuver) from straddling (standing on the non-moving sides of the
treadmill). Initially, the subject straddles the treadmill with both hands on the handrails. On a verbal
command of "are you ready", the subject elevates his/her forearms. Finally, on a command of "go", the
subject steps on the moving treadmill with his/her left foot first. The subject practices this procedure
until he/she is perfectly comfortable with it.
4. Baseline Walk
Before the baseline walk, the following instructions are read to the subject:
Straddle the treadmill with both you hands on the handrails. When I say "are you ready", leave
both of your hands off the handrails and keep your forearms elevated. When I say "go", step
on the moving treadmill with your left foot first. As soon as you land on the moving treadmill,
keep your eyes straight ahead and walk as normally as you can, but with your forearms ele-
vated at all times. You will walk on the treadmill for approximately 60 seconds until I say
"stop".
After the verbal instruction, the subject straddles the treadmill. A spotter stands on the left side of the
treadmill while a helper sits in front of the computer. The spotter is responsible for giving the subject
and the helper all verbal instruction as well as to ensure the safety of the subject (Section C.1 of
Appendix C shows the complete experimental task of a spotter), whereas the helper is responsible for
starting data acquisition. The spotter again tells the subject to perform three additional stepping-on-
treadmill maneuvers. He then asks the subject "are you ready". Upon a verbal confirmation from the
subject, the spotter says "computer go, subject go". Data acquisition starts as soon as the command
"computer go" is given, and the subject starts walking as soon as the command "subject go" is given.
This procedure ensures data acquisition always start before the walk in order to capture 100% of the
movement. Subject then walks on the treadmill for approximately 60 seconds until the spotter says
"stop". The spotter carries a stop watch, which he starts as soon as the command "computer go" is
given and stops it when 60 seconds is up. Since the 60-second data acquisition starts a couple seconds
before the walk and ends at 60 seconds, the subject walks for little less then 60 seconds.
5. Baseline Run
After the baseline walk, the subject performs a baseline run for one minute at the optimal normalized
speed. Data acquisition initiates approximately 5 seconds into the subject's run. After the run, the sub-
ject then rests for 2 minutes.
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6. Partial Gravity Suspension Run
Following a 2 minute rest, the subject performs a 6 minute simulated Martian-G run (defined as the
suspension run) at normalized speed (see Table 4.2 on page 89). The following instructions are given
to the subject before each run:
I will hook you up to the cable wires at four pickup points, two at the shoulders and two
around your waist. You then stand on the treadmill at your natural position with your hands on
your sides. I will winch the cable wires until simulated Martian gravity is reached While I am
winching wires, please keep you body as still as possible and do not tip toe. After Martian
gravity is achieved, you will be running while suspended for 6 minutes. During the run, keep
you eyes straight ahead. Run as naturally as you can and do not lope.
After the verbal instruction, the subject first stands still on the treadmill. The spotter connects four
metal buckles that are suspended from the trolley system to the harness that the subject is wearing. The
spotter then asks "are you ready". Upon a verbal acknowledgment from the subject, the spotter slowly
winch the cable wires until the reading from the strain gauge display reaches the desired Martian
unloading value (see Table 4.2 on page 89). At this point, the subject is asked to tell the spotter if the
harness feels comfortable and any adjustments are needed. Finally, the spotter asks "are you ready?",
he then starts the treadmill to the desired running speed once he receives a verbal consent from the sub-
ject. The spotter starts the timer once the treadmill is activated. The subject performs the suspension
run for 6 minutes. Previous studies determined that running was more effective than walking in induc-
ing the heavy-legs phenomenon, and that 5-6 minutes was a sufficient exposure duration for reaching
steady state muscle gain [50]. During the run, the spotter constantly reminds the subject to run as nat-
urally as possible. One minute of data is recorded at approximately the 3rd minute into the second sus-
pension run. At the last five second of the 6th minutes, the spotter counts down "five, four, three, two,
one, Stop". The spotter stops the treadmill and loosens the cable wires using the electric winch. The
subject then straddles the treadmill on the command "Stop".
7. Countermeasures
The subject is then egressed from the harness. He/she then performs one of the following countermea-
sures according to a balanced order design that will be discussed later.
a. Standing still for 20 seconds, or no delay ('nd').
b. Standing still for 60 seconds, or delay ('d').
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c. Three vertical jumps with weights performed within 60 seconds ('jw').
Countermeasure 'nd' is designed to capture the readaptation characteristics of the walking gait. As
soon as the subject is egressed from the harness, he or she straddles the treadmill as quickly as they
can, elevates the forearms, and waits for instruction to perform the post countermeasure walk (see
Section "8. Post-Countermeasure Walk"). The spotter uses a timer to keep track of the time from
which the subject stops running to the start of the readaptation walk, and this time is standardized to be
20 seconds. The time to egress from the harness differs from subject to subject, however, 20 seconds is
a sufficient time for all subjects to complete such task.
Countermeasure 'd' serves as the control of the experiment. It is very similar to 'nd' except the time is
now 60 seconds instead of 20 seconds. After the countermeasures, the subject straddles the treadmill
and waits for a verbal instruction to perform the readaptation walk.
For countermeasure 'jw', the subject does three vertical jumps with two dumbbells in both hands. The
spotter starts the timer as soon as the subject finish the suspension run. He then helps the subject to
egress from the harness and slide the trolley assembly forward. The subject then takes one step back on
the treadmill. At this time, there is enough clearance above the subject's head for jumping exercise.
The spotter then hands two dumbbells to the subject and reads the following instruction:
Hold the weights tight and keep your arms straight down when you jump. I want you to do
three vertical jumps as high as you can when I say "jump". However, make sure you land
softly on the treadmill so you don't hurt your bare feet. As soon as you finish the three jumps,
hand me back the weights and re-straddle the treadmill.
The weight of the dumbbells are given in accordance to the subject's weight. Table 4.3 shows the
weights that different subjects carry according to their own body weights. The subject holds the
weights straight down and wait for instruction from the spotter. The instructions to the subject are "are
you ready? Jump, jump. jump", The subject jumps at the command "Jump". After three jumps, the
subject hands back the weights to the spotter, then straddles the treadmill to get ready for the post-
countermeasure walk.
8. Post-Countermeasure Walk
After one of the above countermeasures, the subject straddles the treadmill and waits for instruction.
The treadmill at this time is running at the optimal walking speed for that subject. As soon as the 60
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Table 4.3: Appropriate Weight Given during Jumps Based on Subject's body weight.
Subject Weight [N (lbs)] Jump Weight [N (lbs)]
445-534 (100-120) 133 (30)
534-623 (120-140) 178(40)
623+(140+) 222(50)
seconds mark comes up (or 20 seconds for countermeasure 'd'), the spotter asks "are you ready?",
upon a verbal acknowledgement from the subject, the spotter says "computer go, subject go". Data
acquisitors is initiated on the command "computer go", and the subject starts the walk on the command
"subject go". The subject always steps on the treadmill with the left foot first and continues the walk
for 60 seconds while all data are collected.
9. Rest
Five minutes of rest is taken after the post-countermeasure walk. During which water is given to the
subjects.
4.3.4 Balanced Experimental Procedures
Steps (6) to (9) of the above test procedures will be repeated five times according to the following
schedule. This experimental schedule, known as the symmetric experimental procedure, is designed to
eliminate the confounding effects of the day that the experiment is performed in, the types of counter-
measures, and the effect of fatigue. Table 4.4, and 4.5 list the symmetric experimental procedures in
detail.
Table 4.4: Symmetric Experimental Procedures.
Day Group I Group II
1'd','j',nd','Jw','6d' 'jw', 'd','nd','d','JW'
2 Jw','d', 'nd', 'd', Jw' 'd',jw', 'nd', 'jw','d'
Each subject comes in for two days. During each day the test procedures are repeated except for the
sequence in which the countermeasures are implemented. For example, on day 1, Group I subject com-
pletes test procedures (1) to (5). He or she then performs the cycle (steps (6) to (9)) five times with a
different countermeasures implemented during step (7). The choice of countermeasures implemented
during each cycle follows Table 4.4. In this example, he/she straddles for 60 seconds, jumps with
weights, straddles for 20 seconds, jumps with the weights, and straddles for 60 seconds for cycles 1, 2,
3, 4, and 5, respectively whenever step (8) of the test procedures comes in. On day 2, the subject sim-
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ply follows the schedule in day 2 of Table 4.4. Groups I and II differ in the days at which a particular
sequence is implemented. Table 4.5 shows the complete test procedures.
Table 4.5: Expanded Version of the Symmetric Experimental Design.
Procedures G-factor Time (minutes)
Training 1 5
Treadmill Walk 1 1
Treadmill Run 1 1
Adaptation Run 3/8 6
'd' ('jw') 1 1
Treadmill Walk 1 1
Rest 1 5
Adaptation Run 3/8 6
'jw' ('d') 1 3 reps
Treadmill Walk 1 1
Rest 1 5
Adaptation Run 3/8 6
'nd' ('nd') 1 3
Treadmill Walk 1 1
Rest 1 5
Adaptation Run 3/8 6
jw' ('d') 1 3 reps
Treadmill Walk 1 1
Rest 1 5
Adaptation Run 3/8 6
'd' ('jw') 1 1
Treadmill Walk 1 1
Rest 1 5
4.4 Data Processing
This section describes the analysis methodology used for this experiment. Section 4.4.1 outlines the
analysis of the ground reaction force data. Section 4.4.2 describes the EMG analysis. Finally,
Section 4.4.3 details the analysis of the kinematic data.
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4.4.1 Vertical Ground Reaction Force
All vertical ground reaction force (GRF) data are sampled at 1000 Hz. The data is first smoothed out
by a 3rd order low pass elliptic filter with 0.5 dB ripple in the pass band, 20 dB ripple in the stop band,
and 30 Hz corner frequency. The filtered GRF data is then used to determine the stride cycle for each
subject during each trial. Section "filterforce.m" of Appendix E documents the MATLAB script for
this filtering process.
Stride Cycle Determination
This is the most important step of the analysis procedures because all other data analyses are based on
the stride cycle. A stride cycle is defined as the period of time for two steps, and it is measured from
the initial heel contact of one foot to the next initial heel contact of the same foot. To determine the
stride cycle, the samples of the filtered GRF data that are above a threshold level and stays above the
threshold for at least 300 ms are identified. The threshold is chosen to be 0.1 kg.
However, GRF data is not available for all trials and all subjects due to poor data quality. In such cases
reliable treadmill belt speed correlates for heel strikes is used to determine the stride cycle. The logic
behind this method is that whenever a subjects strikes the ground, the treadmill belt slows down.
Therefore, heel strikes occur right before the treadmill speed goes down. Determining stride periods in
this manner matched the GRF information with an error of less than 50 ms. Figure 4.11 shows the
stride periods determined by both methods are almost identical.
After the stride periods are determined, all GRF data is normalized to the subject's body weight as well
as to the stride periods. Section "normgaitway.m" and Section "norm-gaitway-alternativeeven.m"
of Appendix E documents the MATLAB scripts for the two stride determination process.
Normalization
Human do not walk the same way. A given person performs his or her walking pattern in a fairly
repeatable and characteristic way, sufficiently unique that it is possible to recognize a person at a dis-
tance by their gait. The variability of that pattern on a stride-to-stride and day-to-day basis is defined as
intra-subject variability. Across any group of normal subjects we have greater but not excessive vari-
ability, which is defined as inter-subject variability [56]. The differences in height, body mass, age,
cadence and sex are the main contributors to the above mentioned variabilities.
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Figure 4.11: Stride cycles determined by force trace and belt speed methods. Notice that the difference is less
than 100 ms.
Normalization to Subject's Body Weight
In order to minimize the intra- and inter-subject variability, all GRF data is normalized to the subject's
body weight by dividing by the subject's body weight. Thus, all GRF will be presented as a fraction of
the subject's body weight (BW) and 1 BW equals to exactly the subject's weight.
Normalization to Stride Cycle
In order to minimize the stride-to-stride variability, all GRF data is time normalized to 100% of stride
cycle by resampling the data at each stride to 101 samples. Thus, each stride contains 101 data points
that represent 0 to 100% of a stride. Section "norm-gaitway.m" of Appendix E presents the MATLAB
script for the normalization process.
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4.4.2 Electromyogram
EMG data for the 4 muscles measured are sampled at 1000 Hz. They are bandpass filtered, rectified,
low pass filtered, time normalized, and amplitude normalized. The first filtering process uses a 10th
order Butterworth bandpass filter with bandpass of 20-300 Hz to remove the extraneous noise. After
application of the bandpass filter, the data are full-wave rectified (i.e. taking the absolute value of the
data to translate the raw EMG signal to a single polarity). Next, the rectified data are low pass filtered
to produce the linear envelopes. The low pass filtering process uses a 5th order Butterworth filter with
a cutoff frequency of 4 Hz [56]. Finally, the smoothed data are both time and amplitude normalized.
Section "filterrawemg.m" of Appendix E shows the MATLAB script for EMG filtering.
Linear Envelope
A linear envelope is used to provide an envelope that represents a profile of the myoelectric activity of
the muscle over time. The process of making the envelope consists full-wave rectification and low pass
filtering of the raw EMG signal. Section "filter-emg.m" of Appendix E shows the MATLAB script for
linear envelope conversion.
Time Normalization
In order to minimize the stride-to-stride variability, the linear envelopes are time normalized to 100%
of stride cycle by resampling the data at each stride to 101 samples. Thus, each stride contains 101 data
points that represent 0 to 100% of a stride. Section "normgaitway.m" of Appendix E presents the
MATLAB script for the normalization process.
Amplitude Normalization
In order to minimize the inter-subject and inter-task variability, all EMG data are normalized to the
within subject, within day average linear envelop wave form of the normal walking trial. Section
"norm-gaitway.m" of Appendix E presents the MATLAB script for the normalization process.
4.4.3 Kinematics
OPTOTRAK tracks the 3-D positions (X, Y, and Z) of the eight IREDs (see Section 4.3.2) using the
position sensor as the global reference frame (Figure 4.4 on page 81). All data are sampled at 100 Hz.
The raw 3-D kinematics data are interpolated, low pass filtered, and the hip, knee, and ankle angles/
angular rates are calculated using the OPTOTRAK data analysis program (DAP). Missing data that are
larger than 30 samples gets interpolated by a third order polynomial interpolation algorithm; the low
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pass filter is a butterworth filter with a cutoff frequency of 6 Hz. After the data are interpolated and
smoothed, the joint angles and angular rates are calculated by DAP. The angle configuration is shown
in Figure 4.12. The angular rates are calculated by differentiating the joint angle data using a 5-point
central difference algorithm.
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Figure 4.12: Joint angle configuration. H, K, and A represent the hip, knee, and ankle angles, respectively.
Missing Data
When the missing data are smaller than 30 samples, they are not interpolated because it is inaccurate to
interpolate data that are smaller then 30 samples. Instead, they are treated as infinity values and appear
as missing data when plotted.
4.5 Data Analysis
For each of the three processed data set, three analysis techniques are attempted. These techniques
include (1) cross correlation, (2) coefficient of variation, (3) amplitude analysis. However, the results
for the three methods turned out to be similar in a pilot study. As a result, only method (3), or ampli-
tude analysis, is employed for the data analysis. In addition, a phase plane analysis is employed for the
kinematic data. The following sections briefly describes the cross correlation and coefficient of varia-
tion methods, and then focuses on the amplitude and phase plane analysis methods.
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4.5.1 Cross Correlation
Cross correlation is used to examine the relationship, or correlation of two vectors. Therefore, this is
employed to investigate the difference among the consecutive strides. The zeroth lag of the output cor-
relation is in the middle of the sequence when the two vectors are most correlated. Section
"crosscorranalysis.m" of Appendix E presents the MATLAB script for the cross correlation analy-
sis.
4.5.2 Coefficient of Variation
The coefficient of variation (CV) is an index used to compare the variability of several different sam-
ples, therefore, CV is a measure of variability. In this thesis, CV is used to measure the variability from
stride to stride. CV is calculated using Eqn. 4.1:
Z o.2/n
CV = (4.1)
where i is a particular interval in the stride, its values ranging from 0% to 100%% stride time at 1%
intervals, oa is the variance of that stride interval across strides, X1 is the mean of the particular inter-
val across strides. and n is the number of strides. Section "coeffvarianceanalysis.m" and Section
"cv.m" of Appendix E present the MATLAB script for the CV analysis and calculation, respectively.
4.5.3 Amplitude Analysis
This is the analysis employed for the data. It simply exacts meaningful measures out of a data set, then
utilizes statistical analysis to determine the significance.
For ground reaction force, the magnitude of the first and second peaks of each stride is identified and
extracted into a new vector. In other words, an original 1-minute trial that contains approximately 60
strides (or 60,000 data points), is simplified into two 60-point vectors (one for each peak) after the first
and second peaks extraction. The first and second peaks of the GRF are denoted as GRF1 and GRF2,
respectively.
For electromyogram data, the linear envelope EMG waveform (denoted as ILE) of individual stride is
integrated. Therefore, an original 60 second trial that contains approximately 60 strides has 60 ILEs
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representing the integrated areas under linear envelope after integration. This new vector is later used
for statistical analysis.
Lastly, the maximum joint angle magnitude of the angle profile for each stride is identified and
extracted into a new vector. These maximal joint angles are denoted as MJA. In other words, an origi-
nal 1-minute trial that contains approximately 60 strides (or 60,000 data points), is simplified to a 60-
point vector after the maximum angle extraction. This new vector is later used for statistical analysis.
These amplitude calculation and extraction are done in a MATLAB script shown in Section
"amplitudejanalysis.m" of Appendix E.
4.5.4 Phase Plane Analysis
This section utilizes the same method presented by McDonald et al. to analyze the phase plane data
[33]. Phase plane is a plot of the joint angular displacement and joint angular velocity as the x and y
axes, respectively. The method employed in the thesis determines the variability of independent joint
motion over the course of the full stride cycle. A measure is constructed to combine the variability in
the joint angular displacement and the variability in the joint angular velocity. After normalizing each
stride cycle to 100 samples, the variability in the joint angular kinematics observed over the multiple
cycles of one trial is quantified using the standard deviation about the mean joint angular displacement
and velocity. The displacement and velocity standard deviation magnitudes (a and b) are then used to
define the diameter of the two orthogonal axes of an ellipse. Lastly, the area of this ellipse given by
Eqn. 4.2 is used as the variability index (V) on the phase plane.
V = -rab (4.2)
To evaluate the variability over the full stride cycle, the cycle is broken down into five 20% temporal
epochs and the variability from each of the 20 samples within each epoch is summated.The standard
deviation calculation and normalization of the phase plane data are done in a MATLAB script shown
in Section "phaseplane-analysis.m" of Appendix E.
4.5.5 Statistical Analysis
All extracted and calculated values are integrated into a M x N matrix. M represents the number of sub-
jects (12), multiply by the number of day (2), and multiply by the number of strides (-60). N represents
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the total number of extracted variables multiply by the number of trials. For example, the nine vari-
ables include GRF1, GRF2, ILE of RF, BF, TA, GA, and MJA of hip, knee, and ankle; the five differ-
ent trials are 1G, JW1, JW2, ND, DI, and D2. Assuming the average number of strides for each subject
is 60, therefore, M equals approximately 1440 and N equals to 54. This 1440 by 54 matrix is then input
to a software package called Systat for statistical analysis. A repeated measure analysis using a general
linear model (GLM) is employed for all statistical analysis. The GLM is used to analyze the main dif-
ference between the different trials (i.e. 1G and ND for example). This GLM has no independent van-
ables and thus examining only the difference among the dependent variables, or main effect. P-values
of less than 0.05 are reported as a statistically significant result.
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This chapter is divided into three sections, each section being composed of ground reaction force
(GRF), electromyogram (EMG), and kinematics analyses. The first section, named Adaptation, pre-
sents changes found in the three measurements following simulated Martian gravity exposure. The sec-
ond section, titled Readaptation Characteristics, illustrates the readaptation transient characteristics of
the three measures. Lastly, the section entitled Effectiveness of Countermeasures, details the different
effects that the three post-suspension countermeasures (jumping with weights, 'jw', a 60 second delay
'd', and no delay 'nd') have on human gait readaptation to 1G.
5.1 Adaptation
One of the main goals of the thesis is to determine if the newly constructed partial gravity simulator is
effective in inducing adaptive changes in human gait across the spectrum of gravity. If adaptive
changes occur after the six-minute suspension runs which simulates Martian gravity, the post-counter-
measure walks (PCWs) should show differences in some, if not all, of the measurements (i.e., GRF,
EMG, and kinematics) from the baseline IG condition.
The following sections present the adaptation results for GRF, EMG, and kinematics, where a compre-
hensive individual result is presented followed by a generalized case. First, the three measurements of
each individual subject are examined. Following this, a general, grouped-subject statistical analyses are
presented. Finally, a brief summary concludes each section. Table 5.1 explains the acronyms that are
used through out the rest of this thesis. A statistical software package named Systat (Chicago, IL), is
used to perform all statistical analyses.
5.1.1 Ground Reaction Force Analysis
Figure 5.1 shows a representative mean GRF profile for an exemplar subject. Each curve in the figure
is the mean of two trials (day 1 and 2) of 49 strides in each trial. This subject's GRF profile is indica-
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Table 5.1: Description of Acronyms.
CODE DESCRIPTION
IG normal baseline walk
JW1, JW2 walk after 3/8-G and jump with weight, 1st and 2nd trials
JW average of JW1 and JW2
Dl, D2 walk after 3/8-G, but delayed for 60 seconds, 1st and 2nd trials
D average of DI and D2
ND walk after 3/8-G with no delay
PSC post-suspension countermeasures: 'jw', 'd', and 'nd'
PCWs post-countermeasure walks: JW, D, and ND
tive of the overall grouped-subject PCWs vs. 1 G results. The amplitude of the GRF, normalized to the
subject's body weight, is plotted versus the stride percentage. The figure shows that the 1 G condition
has the smallest GRF first (GRFl) and second peak (GRF2) amplitudes compared to the post-counter-
measure walks, i.e., JW, D, and ND. In addition, condition JW is the closest to 1G, followed by D and
ND. However, the figure shows that the amplitudes of GRFl and GRF2 for conditions D and ND are
very similar to each other. To emphasize the first and second peak amplitudes, the GRF1 and GRF2 are
enlarged and plotted in Figure 5.2 (a), and (b), respectively. Figure 5.2 (a) shows that the GRF1 for all
four conditions. Conditions 1 G, JW, D, and ND have GRFl amplitudes of approximately 1.21, 1.28,
1.32, and 1.33 BW, respectively. In other words, the GRF1 amplitudes of the PCWs trials are 6-9%
greater than the IG condition for this particular subject. Figure 5.2 (b) shows that the GRF2 for all four
conditions. Conditions 1G, JW, D, and ND have GRF2 amplitudes of approximately 1.17, 1.19, 1.199,
1.195 BW, respectively. Comparatively, the GRF2 amplitudes of the PCWs trials are about 2% greater
than the IG condition.
In order to examine the GRF profiles of individual subjects, the mean, first and second peak ampli-
tudes of GRF are extracted and plotted along with standard error of mean in Figure 5.3. The result for
GRF1 is shown at the top of Figure 5.3. Nine out of 12 subjects (A, C, D, F-H, and J-L) show the
GRF1 amplitudes of the PCWs trials are higher than the 1G conditions (p < 0.05). For two subjects (B
and E), only two PCWs are significantly higher in GRF1 amplitude than condition 1G. In addition,
subject I shows only one PCW is higher in GRF1 than the baseline IG condition. The bottom of
Figure 5.3 presents the results for GRF2. Compared to GRF1, GRF2 does not show a consistent trend
across all subjects. For example, five subjects (A, D, G, H, I, J, and K) show a higher GRF2 than the
IG condition for at least one of the PCWs (p < 0.05). Three subjects (B, E, and L) show a lower GRF2
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compared to the 1 G condition for at least one of the PCWs (p <0.05). Lastly, two subjects (C and F) do
not show any significant trend. Table D.1 and Table D.2 of Appendix D tabulate the statistical results
obtained from the repeated measure analysis of variance (ANOVA).
In a grouped-subject analysis, statistical analysis is performed to determine the significance in the dif-
ference among the conditions across subjects. Figure 5.4. depicts the mean GRFl and GRF2 ampli-
tudes for all strides and all subjects for each condition along with standard error of mean. The result of
GRF1 (top) of the figure shows that the GRFl amplitude is the lowest force in the IG condition, fol-
lowing by JW, ND, and D. Conditions 1G, JW, D, and ND have GRFl amplitudes of 1.19, 1.22, 1.23,
and 1.22 BW, respectively. In other words, the mean GRF1 amplitudes of the PCWs are approximately
3-4% greater than the baseline 1G condition. Similarly, the result of GRF2 shows a similar trend
except the amplitude of condition D is second to 1G condition, following by JW and ND. Conditions
1G, JW, D, and ND have GRF2 amplitudes of 1.06, 1.07, 1.08, and 1.06, respectively. The PCWs show
an slight increase of GRF2 amplitudes (-2%) compared to the IG condition. Table 5.2 tabulates the
statistical significance (p-values) obtained from a repeated measure analysis of variance (ANOVA) that
examines the main effects of the different conditions. A detailed statistical result with the mean GRF1
and GRF2 values are tabulated in Table D. 10 of Appendix D. All of the PCWs trials demonstrated a
significant increase in first and second peak amplitude from the baseline 1G condition (p < 0.05)
except for the IG and ND comparison of GRF2.
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Figure 5.1: Representative mean GRF profile for subject J. Each curve represents an average of 98 strides.
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Figure 5.3: Mean GRF First and Second Peaks by Subjects. Each bar represents an average of 120 trials and the
error bars represent the standard error of the mean. "*" shows the significant difference compared to the baseline
IG condition.
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Figure 5.4: Normalized mean GRF peak forces for all conditions in a grouped -subject analysis. Each point rep-
resents the average of 12 subjects. The error bars represent the standard error of the mean. The error bars repre-
sent the standard error of the mean.
Table 5.2: P-Values for GRF Main Effect Obtained from ANOVA, All Strides.
GRF First Peak GRF Second Peak
COMPARISON p-Values p-Values
1G vs. JW 0. 0005 0.0005
1G vs. D 0.0005 0.0005
1G vs. ND 0.0005 0.322
JW vs. D 0.0005 0.0005
JW vs. ND 0.047 0.007
D vs. ND 0.001 0.0005
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Summary
Ground reaction first peak (GRF])
" All subjects show a lower 1 G first peak amplitudes than at least one of the post-countermeasure
walks from Figure 5.3 (p < 0.05).
- Nine out of 12 subjects (A, C, D, F-H, and J-L) show higher first peak amplitudes of the PCWs than
the baseline 1G condition (p < 0.05). For two subjects (B and E), only two PCWs are significantly
higher in first peak amplitude than the baseline IG condition. In addition, subject I shows only one
PCW (D) is higher in first peak than condition 1G.
Ground reaction second peak (GRF2)
- Five subjects (A, D, G, H, I, J, and K) show a higher second peak than the 1 G condition for at least
one of the PCWs (p < 0.05). Three subjects (B, E, and L) show a lower second peak compared to
the IG condition for at least one of the PCWs (p < 0.05). Lastly, two subjects (C and F) do not show
any significant trend.
Group-subject analysis
- In a grouped subject analysis, the first peak and second peak amplitudes for the IG condition are
significantly lower than that of the post-countermeasure walks (p < 0.05) except for the IG and ND
comparison of the second peak.
5.1.2 Electromyogram Analysis
Figure 5.5 depicts the four muscle groups that are tested in the experiment including rectus femoris
(RF), biceps femoris (BF), tibialis anterior (TA), and gastrocnemius (GA). RF and TA are referred to
as anterior muscles while BF and GA are categorized as posterior muscles. The functions of each mus-
cle is tabulated in Table 5.3.
Table 5.3: The Functionality of Leg Muscles
Muscle Function
Rectus Femoris Extends the knee
Biceps Femoris Flexes the knee; long head also extends the hip joint
Tibialis Anterior Dorsiflexor of ankle and invertor of foot
Gastrocnemius Powerful plantar flexor of ankle
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Figure 5.5: Thigh and leg muscles. Rectus femoris and biceps femoris are the anterior muscles. Tibia-
lis anterior and gastrocnemius are the posterior muscles.
Figure 5.6 shows a representative EMG linear envelope (LE) profile for an exemplar subject. Each
curve in the figure is the mean of 58 strides. This subject's EMG LE profile is chosen because it is
indicative of the overall grouped-subject result that is discussed in the following paragraphs. Figure 5.6
shows that the LE amplitudes of the baseline IG condition for all muscles are higher than all of the
PCWs. In other words, there is less muscle activity after the Martian gravity simulation. However, the
PCWs do not show an obvious difference among each other by inspecting the figure.
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In order to quantify the EMG LE profiles of individual subjects, the mean integrated EMG LE values
(ILE) and the standard error of mean of the four muscle groups of each subject are calculated and plot-
ted in Figure 5.7. The results for rectus femoris is shown in Figure 5.7 (a) and show no consistent trend
across all subjects. For example, seven subjects (A-D, G, H, and J) show a decrease in at least one of
the PCWs ILE amplitudes compared to the IG condition (p < 0.05). Out of theses seven subjects, five
(A-D, and H) have significantly lower ILE for all PCWs compared to the IG condition, whereas two
(G and J) have significantly lower ILE for JW and D compared to the IG condition. In addition, five
subjects (E, F, I, K, and L) show at least one PCW has higher ILE amplitude than the IG condition (p <
0.05).
Figure 5.7 (b) presents the results for biceps femoris. In contrast to RF, the 1G condition shows a
higher ILE amplitude, indicating more muscle activity than at least one of the PCWs for all 12 subjects
(p < 0.05). In addition, nine out of 12 subjects (A-F, H, I, and K) show the same trend for all PCWs (p
< 0.05). Comparably, tibialis anterior, shown in Figure 5.7 (c), manifests a similar trend as that of the
BF. Eleven out of 12 subjects show significant decreased PCWs ILE amplitudes compared to the IG
condition in at least one of the PCWs. However, subject G shows decreased ILE in JW and increased in
D and ND conditions while subject F shows no significant difference between 1 G and PCWs. Finally,
Figure 5.7 (d) presents the results for gastrocnemius. Ten of 12 subjects (except for F and I) show a
higher ILE amplitude for the IG condition than at least one of the PCWs (p < 0.05), and two subjects
(F and I) show the opposite trend. All statistical results are tabulated in Table D.3 to Table D.6 in
Appendix D.
For the grouped-subject analysis, the significance among the four conditions across subjects is deter-
mined. The mean IE for all strides (-60) and all 12 subjects for each condition are plotted along with
standard error in Figure 5.8. The result of the ILE of BF, TA, and GA are larger for the IG condition
compared to the PCWs (p < 0.05). On the contrast, RF shows that the ILE of the 1G condition is not
different than that of the PCWs (p > 0.05). However, the result for RF is highly speculative because of
the poor data quality obtained from most subjects. This is due to the fact that walking motion requires
little rectus femoris activation. As a result, most subjects show little or no RF activity.
Figure 5.8 (a) presents the result for RF. Conditions JW and D show a higher ILE compared to the IG
condition, however, the trend is insignificant. Figure 5.8 (b) shows the result for BF. Conditions 1G,
JW, D, and ND have ILE values of 100.93, 70.67, 67.11, and 64.27 mV.s, respectively. The PCWs tri-
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als show a 30 - 36% decrease in ILE compared to the 1 G condition. Next, the result for TA is depicted
in Figure 5.8 (c). Conditions 1G, JW, D, and ND have ILE values of 101.17, 91.89, 92.07, and 88.76
mV.s, respectively. The PCWs trials show a 9-12% decrease in ILE compared to the 1G condition.
Finally, GA (Figure 5.8 (d)) shows a 13% decrease in ILE for the PCWs compared to the IG condition.
Conditions 1G, JW, D, and ND have ILE values of 100.89, 87.94, 87.28, and 88.31 mV.s, respectively.
Table 5.4 shows p-values obtained from a repeated measure analysis results. For the complete statisti-
cal results and the mean ILE values, please refer to Table D. 11 on page 181 of Appendix D.
Summary
Knee extensor (rectusfemoris)
" seven subjects (A-D, G, H, and J) show a decrease in at least one of the PCWs ILE amplitude com-
pared to the 1G condition (p < 0.05). Out of theses seven subjects, five (A-D, and H) have signifi-
cantly lower ILE for all PCWs compared to the 1 G condition, whereas two (G and J) have
significantly lower ILE for JW and D compared to the 1G condition.
" Five subjects (E, F, I, K, and L) show at least one PCW has higher ILE amplitude than the IG con-
dition (p < 0.05).
Knee flexor (biceps femoris)
- 1G condition shows a higher ILE amplitude, indicating more muscle activity than at least one of the
post-countermeasure walks for all 12 subjects (p < 0.05). In addition, nine out of 12 subjects (A-F,
H, I, and K) show the same trend for all PCWs (p < 0.05).
Ankle dorsiflexor (tibialis anterior)
* Eleven out of 12 subjects show significant decreased PCWs ILE amplitudes compared to the 1G
condition in at least one of the PCWs. However, subject G shows decreased ILE in JW and
increased in D and ND conditions while subject F shows no significant difference between 1G and
PCWs.
Ankle plantar flexor (gastrocnemius)
- Ten of 12 subjects (except for F and I) show a higher ILE amplitude for the 1G condition than at
least one of the PCWs (p < 0.05), and two subjects (F and I) show the opposite trend.
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Figure 5.6: Representative integrated linear envelope EMG profiles for rectus femoris, biceps femoris, tibialis
anterior, and gastrocnemius. Each curve represents an average of 58 strides.
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Figure 5.8: Normalized mean ILE for all conditions in a grouped -subject analysis. Each point represents the
average of 12 subjects. The error bars represent the standard error of the mean.
Table 5.4: P-Values for EMG Main Effect Obtained from ANOVA, All Strides.
COMPARISON RF BF TA GA
1G vs. JW 0.110 0.0005 0.0005 0.0005
1G vs. D 0.180 0.0005 0.0005 0.0005
1G vs. ND 0.771 0.0005 0.0005 0.0005
JW vs. D 0.802 0.0005 0.672 0.073
JW vs. ND 0.035 0.0005 0.0005 0.403
D vs. ND 0.064 0.001 0.0005 0.026
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Grouped-subject analysis
- For biceps femoris, tibialis anterior, and gastrocnemius, the integrated linear envelope is higher for
1G condition than the post-countermeasure walks (p < 0.05).
* The integrated linear envelope of rectus femoris does show any consistent trends across subjects
when comparingIG condition to the post-countermeasure walks, this can be due to poor data qual-
ity obtained for this muscle group.
5.1.3 Optotrak Data Analysis
Kinematic data for hip, knee, and ankle are measured in the experiment. Figure 4.12 in Chapter 4
"Methods" illustrates the angle configuration used in the experiment. Figure 5.9 shows a representative
joint angle profile for an exemplar subject. This subject's joint angle profile is indicative of the overall
grouped-subject result that is discussed in the following paragraphs. Figure 5.9 shows that the joint
angle profiles of the IG condition for all joints are similar to the post-countermeasure walks.
In order to quantify the joint angle profiles of individual subjects, the mean maximum joint angle val-
ues (MJA) along with the standard error of mean of the three joints of each subject are calculated and
plotted in Figure 5.10. Table 5.5 describes the relationship of MJA to a stride cycle, and the temporal
occurrence of each MJA during a stride.
Table 5.5: Joint Kinematics Description
Maximum Joint Angle Description Occurrence Phase
Hip maximum hip extension push off
Knee maximum knee flexion toe off
Ankle maximum ankle plantar flexion after toe off
The result for hip joint is shown in Figure 5.10 (a). Seven out of 12 subjects (B-D, F-H and J) show an
increased MJA than the 1 G condition for at least one of the PCWs (p < 0.05), indicating a greater hip
extension after the suspension runs. On the other hand, five out of 12 subjects (A, E, I, K, and L) show
an opposite trend (p <0.05), indicating a smaller hip extension after the suspension runs.
Figure 5.10 (b) presents the result for knee joint. For six out of 12 subjects (A-C and E-G), at least one
of the PCWs show significantly higher MJA than the baseline 1 G condition, indicating a greater knee
flexion after the suspension runs. On the contrary, three subjects (J-L) show a lower MJA than the
baseline 1 G condition for at least one of the PCWs (p < 0.05), indicating a smaller knee flexion after
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the suspension runs. Finally, three subjects (D, H, and I) do not show any significant difference among
the four conditions.
Finally, Figure 5.10 (c) illustrates the result for ankle joint. For nine out of 12 subjects (B-D, F, G, I-L),
at least one of the PCWs show significantly higher MJA than the baseline 1 G condition, indicating a
greater plantar flexion after the suspension runs. On the contrary, subject E shows less plantar flexion
in the ankle after the suspension runs for one of the PCWs. The result for subject H is interesting, the
MJA for condition JW is higher than the baseline, while conditions D and ND are lower (p < 0.05).
Lastly, subject A shows insignificant difference among the four conditions (p > 0.05). For the complete
statistical results, please refer to Table D.7 to Table D.9 of Appendix D "Statistics Table"
For the grouped-subject analysis, the statistical analyses are performed to determine if the differences
among the four conditions are significant. The MJA values for all 60 strides and all 12 subjects for
each condition are plotted with the standard error of mean in Figure 5.11. Even though the changes are
small (-1 %), the MJAs for the PCWs for all joints are higher compared to the baseline 1 G condition (p
< 0.05) except for two comparisons (the 1 G vs. D of the knee joint and 1 G vs. ND of the hip joint). The
grouped-subject analysis indicates that for all joints, the magnitude of hip extension, knee flexion, and
ankle plantar flexion are higher after the suspension runs. Table 5.6 shows the p-values obtained from a
repeated measure analysis results. For the complete statistical results and the mean MJA values, please
refer to Table D. 12 of Appendix D "Statistics Table".
5.1.4 Phase Plane Analysis
Lower limb joint phase portraits
Figure 5.12 displays exemplar phase portraits. The quantitative analysis that follow use data in this
form to evaluate the within-cycle fluctuations within each stride cycle.
Within cycle variability
The data presented in this section reflect the within-cycle variability on the phase plane. Figure 5.13
presents box plots of the baseline 1 G condition and the PCWs data fro the hip, knee, and ankle joints
constructed from all twelve subjects. In all three joints, the PCWs variability is similar to the baseline
1 G condition. Moreover, there are apparent differences in variability magnitude at the different stride
epochs. All three joints appear to have elevated variability about the swing phase (epoch 4). The size of
the box and whiskers at many epochs in all joints indicate quite substantial individual differences in
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Figure 5.10: Mean maximum joint angles for hip, knee, and ankle. Each bar represents an average of 120 trials
and the error bars represent the standard error of the mean. "*" shows the significant difference compared to the
baseline 1G condition.
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ND
Figure 5.11: Mean maximum angles for hip, knee, and ankle in a grouped-subject analysis.
sents the average of 12 subjects. The error bars represent the standard error of the mean
Table 5.6: P-values for kinematic main effect, all strides
Each point repre-
COMPARISON Hip Knee Ankle
1G vs. JW 0.0005 0.0005 0.0005
1G vs. D 0.0005 0.514 0.0005
IG vs. ND 0.09 0.0005 0.0005
JW vs. D 0.0005 0.0005 0.0005
JW vs. ND 0.147 0.416 0.0005
D vs. ND 0.0005 0.0005 0.053
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Figure 5.12: Exemplar phase portraits of the three lower limb joints. These data are from one subject and illus-
trate 62 consecutive cycles from one 1G, JW, D, and ND trials.
joint variability. Consequently, repeated measure analysis of variance (ANOVA) on each joint is per-
formed and the results reveal no significant condition (i.e., IG, JW, D, and ND) or epoch effects at all
joints. Table 5.7 summarizes these results.
Table 5.7: ANOVA Results of the Phase Plane Variability
Function of Hip Knee Ankle
Epoch F= 0.115,p = 1.00 F= 0.667, p = 0.858 F= 0.531, p = 0.953
1G vs. PCWs F = 0.930, p = 0.461 F = 0.998, p = 0.419 F = 0.885, p = 0.491
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Figure 5.13: Box plots of phase plane variability as a function of stride epoch, from right heel. Epochs 1-5 rep-
resent 0%-20%, 20%-40%, 40%-60%, 60%-80%, and 80%-100% of the stride cycle. The boxes represent the
25th, 50th, and 75th percentiles, the whiskers represents the 10th and 90th percentiles.
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Summary
Hip joint
- Seven out of 12 subjects (B-D, F-H and J) show a greater hip extension after the suspension runs.
On the other hand, five out of 12 subjects (A, E, I, K, and L) show an opposite trend, indicating a
smaller hip extension after the suspension runs.
Knee joint
- Six out of 12 subjects (A-C and E-G) show a greater knee flexion after the suspension runs. On the
contrary, three subjects (J-L) show a smaller knee flexion after the suspension runs. Finally, three
subjects (D, H, and I) do not show any significant difference among the four conditions
Ankle joint
- For nine out of 12 subjects (B-D, F, G, I-L), at least one of the post-countermeasure walks show a
greater plantar flexion than the baseline. On the contrary, subject E shows less ankle plantar flexion
after the no delay condition. The result for subject H is interesting, jumping with weight caused a
greater plantar flexion than the baseline, while delay and no delay conditions caused a smaller plan-
tar flexion.
Grouped-subject analysis
- The magnitude of hip extension, knee flexion, and ankle plantar flexion are higher after the suspen-
sion runs
Phase plane analysis
- No significant differences are found in the joint variability among the baseline 1 G, jumping with
weight, delay, and no delay conditions.
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5.2 Readaptation Characteristics of Gait
The second objective of the thesis is to capture the transient characteristics of the readaptation curve
for human gait after partial gravity simulation. The transient response of any systems (engineering or
biological) can be characterized by the following parameters: delay time (Td), rise time (Tr), peak time
(Tp), maximum overshoot (Mp), and settling time (Ts) [43]. In this thesis, settling time (Ts) is used to
characterize the human gait readaptation phenomena. Ts is defined as the stride number required for
the response curve to reach and stay within a range about the final value of size specified by absolute
percentage (usually set at 2% or 5%) of the final value.
The following sections present the readaptation characteristics results for ground reaction force, mus-
cle electromyogram, and joint kinematics. First, the average grouped-subject amplitudes of these three
measures are examined at each stride number qualitatively. Following this, the stride numbers are
divided into stride groups of 10. The average grouped-subject amplitudes are then presented by stride
group along with ANOVA statistical results. Finally, a brief summary concludes each section.
5.2.1 Ground Reaction Force Analysis
Figure 5.14 presents the transient response curves for the ground reaction force. Each point of the
curve represents the average of 12 subjects at the corresponding stride number. The standard error of
mean is not shown in the figure to allow easy identification of the shape of each curve. The top of
Figure 5.14 shows the GRF1 result. All four curves (i.e., 1G, JW, D, and ND) show a similar exponen-
tial decay trend. The first 3-4 strides are characterized by a higher GRF1 amplitude than the rest of the
strides. Steady state seems to be reached after the first 10 strides. There is a noticeable difference
between the IG curve and the PCW curves throughout the 60 strides: the IG curve lies below the PCW
curves at almost every single stride. However, the 1 G and the PCW curves never seem to converge.
This implies that the PCW conditions might have a different steady state than the I G condition, or that
the PCWs have not converged with the IG trials in the one minute trial time. The bottom of
Figure 5.14 shows the GRF2 result. Again, all four curves (i.e., 1G, JW, D, and ND) show a similar
trend. The first 3-4 strides are characterized by a lower GRF2 amplitude than the rest of the strides.
Steady state seems to be reached after the first 10 strides for all conditions. However, there is no obvi-
ous difference among the four curve from inspection of the figure, even though the I G condition seems
to be the lowest in amplitude at most of the strides.
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In order to quantify the differences among the four conditions as well as the stride numbers, the stride
numbers are divided into six stride groups with 10 strides in each group. Figure 5.15 depicts the mean
GRF peak amplitudes with the standard error of mean by stride groups. At each stride group, the four
conditions are plotted next to each other for easy comparison. The top of Figure 5.15 presents the
GRF1 result and Table D.13 of Appendix D tabulates the p-values obtained from ANOVA. A notice-
able trend is shown at each stride group: the GRF1 amplitudes of the PCWs are higher than the base-
line condition (p < 0.05). The bottom of Figure 5.15 presents the GRF2 result and Table D.14 of
Appendix D "Statistics Table" shows the p-values obtained from ANOVA. On the other hand, the
GRF2 amplitudes of all PCWs are higher than the baseline condition in only stride group 2 (p < 0.05).
Summary
Qualitative analysis
" For both first and second peak amplitudes, all four conditions exhibit an exponential decay shape
which indicates a transient response.The first 3-4 strides are characterized by a higher amplitude
than the rest of the strides. Steady state is reached after the first 10 strides.
" For first peak, the baseline 1 G curve lies below the post-countermeasure condition curves at almost
every single stride. However, the 1 G and the post-countermeasure condition curves never seem to
converge.
- For second peak, the post-countermeasure walks are less separated from the baseline IG condition
than first peak.
Quantitative analysis
- At each stride group, the first peak amplitudes of the PCWs are significantly higher than the base-
line condition.
- At stride group 2, the second peak amplitudes of the PCWs are significantly higher than the base-
line condition.
5.2.2 Electromyogram Analysis
Figure 5.16 presents the transient response curves for electromyogram. RF, BF, TA, and GA are pre-
sented from top to bottom in the figure. Each point of the curve represents the mean integrated linear
envelope value (ILE) for 12 subjects at the corresponding stride number. The standard error of mean is
not shown in the figure to allow easy identification of the shape of each curve.
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Figure 5.14: Mean transient response curves for GRF1 (top) and GRF2 (bottom). Each curve represents an
average of 12 subjects.
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Figure 5.15: Mean transient response values for GRF1 (top) and GRF2 (bottom) by stride group. Each point
represents an average of 12 subjects. The error bar represents the standard error of mean.
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The top of Figure 5.16 shows the RF result. All four curves (i.e., 1G, JW, D, and ND) are well mixed
up together, no separation can be spotted among the four conditions. However, the first 3-4 strides are
characterized by a higher ILE amplitude than the rest of the strides. Steady state seems to be reached
after the first 10 strides.
The next three (2nd, 3rd, and 4th) graphs of Figure 5.16 depict the result for BF, TA, and GA respec-
tively. Contrast to RF, the difference between the 1G curve and the PCW curves is more obvious for
the three muscles. The 1 G curve lies above the PCW curves in every stride except for strides 48 and 55
of TA. Again, the first 3-4 strides of all four conditions are characterized by a higher ILE amplitude
than the rest of the strides. Steady state seems to be reached after the first 10 strides. There is no obvi-
ous difference among the three PCW curves. However, condition JW for muscles BF and TA seems to
be closer to the baseline 1 G curve, implying jumping with weight is most effective reducing the differ-
ence between post countermeasure walk and the baseline.
In order to quantify the differences among the four conditions, the stride numbers are divided into six
stride groups with 10 strides in each group. Figure 5.17 depicts the mean ILE values by stride groups
with the standard error of mean. At each stride group, the four conditions are plotted next to each other
for easy comparison.
Three of the muscle groups (BF, TA, and GA) show a lower ILE amplitude for the PCWs compared to
the baseline IG condition at every stride group (p < 0.05). Table D.16 to Table D.18 of Appendix D
"Statistics Table" tabulates the p-values obtained from a repeated measure analysis. Across stride
groups, the first stride group shows a slightly higher values than the rest of the stride groups.
The top of Figure 5.17 presents the RF result and Table D. 15 of Appendix D "Statistics Table" tabu-
lates the p-values obtained from a repeated measure analysis. No significant difference is found
between baseline and the PCWs at each stride group. The ILE amplitudes of the four conditions in
each stride group is inconsistent across the stride groups. In addition, there is no trend of decay across
the stride groups.
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Figure 5.16: Mean transient response curves RF, BF, TA, and GA. Each curve represents an average of 12 sub-
jects.
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Figure 5.17: Mean transient response values for RF, BF, TA, and GA by stride group. Each point represents an
average of 12 subjects. The error bar represents the standard error of mean.
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Summary
Qualitative analysis
" For three out of four muscles (biceps femoris, tibialis anterior, and gastrocnemius), the first 3-4
strides are characterized by a higher muscle activity than the rest of the strides.
- Steady state seems to be reached after the first 10 strides.
- The post-countermeasure walks show lower muscle activity than the baseline 1 G condition.
- Jumping with weight is most effective reducing the difference between post countermeasure walk
and the baseline.
Quantitative analysis
- Three out of four muscles (biceps femoris, tibialis anterior, and gastrocnemius) show significantly
lower muscle activity compared to the baseline IG condition.
5.2.3 Optotrak Data Analysis
Figure 5.18 presents the transient response curves for hip, knee, and ankle joints. Each point of the
curve represents the mean maximum joint angle value (MJA) for 12 subjects at the corresponding
stride number. The standard error of mean is not shown in the figure to allow easy identification of the
shape of each curve. The three joints show very little separation among the four curves (i.e., 1G, JW,
D, and ND), although the 1 G condition seems to occur at the lower of the four conditions for most of
the strides. The first 3-4 strides are characterized by a lower MJA than the rest of the strides, implying
less hip extension, knee flexion, and ankle plantar flexion. Steady state seems to be reached after the
first 10 strides.
In order to quantify the differences among the four conditions, the stride numbers are divided into six
stride groups with 10 strides in each group. Figure 5.19 depicts the mean MJA values by stride groups
with the standard error of mean. At each stride group, the four conditions are plotted next to each other
for easy comparison.
Figure 5.19 presents the hip, knee, and ankle joint result and Table D.19 to Table D.21 of Appendix D
tabulates the p-values obtained from a repeated measure analysis of variance. Even though the figure
shows a trend that the PCWs have higher MJA than the baseline condition at each stride group, but the
results are not significant for most of the stride groups and joints. The only significant results are found
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in stride groups 2, 3, and 6 of the ankle joint. In addition, the three joint rotations (hip extension, knee
flexion, and ankle plantar flexion) are smaller during the first stride group than the rest of the stride
groups.
Summary
Qualitative analysis
- The first 3-4 strides are characterized by a lower hip extension, knee flexion, and ankle plantar flex-
ion than the rest of the strides.
- Steady state seems to be reached after the first 10 strides.
Quantitative analysis
* The post-countermeasure walks show significantly higher ankle plantar flexion than the baseline
condition at stride groups 2, 3, and 6 (p < 0.05).
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jects.
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5.3 Effectiveness of Countermeasures
In this experiment, jumping with additional weight (jw') serves as the main countermeasure to help
the subject readapt to the IG environment. Countermeasure 'd', or delay, serves as the control. After
the partial gravity simulation (the 60 second suspension run), the subject was asked to either jump with
extra weight or delaying for 60 seconds before walking on the treadmill. The following sections pre-
sents the effectiveness of countermeasure 'jw' by comparing the amplitudes of conditions JW and D.
The percentage difference of the two conditions from the baseline 1 G condition is used as the index to
asses the countermeasure effectiveness. It is calculated by subtracting one of the PCWs mean values
(JW or D) of each subject from the baseline 1 G condition. For example, the change of JW from 1 G (or
JWD) is calculated by
JW- lG
1G X 100 (5.1)
The change of condition D from 1 G (DJG) is obtained in similar fashion. A smaller index (or smaller
difference from the baseline) implies a more effective countermeasure, whereas a larger index implies
a less effective one. A statistical analysis utilizing student paired t-test is implemented to determine the
difference between JWD and D_1G. The result is shown in Table 5.8.
Table 5.8: Effective of Jumping with Extra Weight.
Measurement JW_1G (%) D_1G (%) t-test Result (p-value)
GRF1 2.880 3.810 0.0005
GRF2 1.538 2.131 0.006
rectus femoris 8.657 8.368 0.862
biceps femoris -28.024 -31.720 0.0005
tibialis anterior -7.635 -7.460 0.691
gastrocnemius -10.577 -11.020 0.325
hip 0.281 0.398 0.003
knee 0.764 0.323 0.0005
ankle 0.450 0.925 0.0005
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5.3.1 Ground Reaction Force Analysis
Section 5.1, Adaptation, shows that the PCW conditions (JW, D, and ND) are larger in GRF1 and
GRF2 than the IG condition. Therefore, the percentage difference of JW and D from the baseline 1 G
condition indicates the degree of ground reaction increase from the baseline.
Figure 5.20 presents the effectiveness of 'jw' on readapting the subject's ground reaction force level to
the baseline IG condition. For both GRF1 and GRF2, 'jw' is clearly more effective than delaying for
60 seconds, or 'd'. The partial gravity simulation cause a greater change on the first peak than the sec-
ond peak (2.9%-3.8% for GRF1 vs. 1.5%-2.1% for GRF2). The GRF1 amplitude after jumping with
weight is only 2.9% greater than that of the baseline IG condition. After delay without any exercise
('d'), the GRF1 amplitude is approximately 3.8% greater than that of the baseline 1G condition
(Table 5.8). The lower percentage difference from the baseline for condition JW indicates jumping
with extra weight reduces the deviation from the baseline more effective than delaying for 60 seconds.
In addition, the percentage difference from the baseline 1 G condition between JW and D conditions is
significant (p < 0.05).
For GRF2, 'jw' also helps the subject to readapt to baseline more effectively than countermeasure 'd'.
Condition JW shows only a 1.5% increase in GRF2 amplitude from that of the baseline lG condition,
whereas condition D shows an increase of 2.1% (Table 5.8). The lower percentage difference from the
baseline for JW indicates 'jw' reduces the deviation from the baseline more effective than delaying for
countermeasure 'd'. Once again, the difference between condition JW and D is significant (p < 0.05).
Summary
- The partial gravity simulation cause a greater change on the first peak than the second peak (2.9%-
3.8% for GRF1 vs. 1.5%-2.1% for GRF2).
- Jumping with extra weight is clearly more effective than delaying for 60 seconds.
" The GRF1 amplitude after jumping with weight is only approximately 2.9% greater than that of the
baseline IG condition. After delay without any exercise, the GRF1 amplitude is approximately
3.8% greater than that of the baseline 1 G condition.
- The lower percentage difference from the baseline 1G condition for JW indicates jumping with
extra weight reduces the deviation from the baseline more effective than delaying for 60 seconds.
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Figure 5.20: The effectiveness of countermeasures as shown by ground reaction peak forces. Each bar repre-
sents the average of 12 subjects. The Error bars represent the standard error of mean, and '*' represent p < 0.05
obtained from a paired t-test between JW and D.
5.3.2 Electromyogram Analysis
Section 5.1, Adaptation, shows that the PCWs (JW, D, and ND) are lower for three muscles (BF, TA,
and GA) than the IG condition except for RF, indicating less muscle activity after partial G simulation.
Therefore, the percentage difference of JW and D from the baseline indicates the degree of muscle
activity reduction from the baseline for muscles BF, TA, and GA. RF shows an opposite trend from the
rest of the muscles, however, its result is not significant.
Figure 5.21 presents the effectiveness of 'jw' on readapting the subject's muscle activation to the base-
line IG condition. For the knee flexor muscle (BF), 'jw' is significantly more effective than counter-
measure 'd'. Condition D shows a -32% reduction in muscle activity from 1 G, while 'Jw' reduces this
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deviation to about 28%. The ankle plantar flexor (GA), the knee extensor (RF), and ankle dorsiflexor
(TA) do not show that countermeasure 'jw' is more effective than 'd' (p > 0.05).
Muscle BF is most affected
activity. On the other hand,
increase from the baseline.
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by the partial gravity simulation, showing a 28-32% decrease in muscle
RF is least affected by the partial G simulation, showing less than 9%
Effect of Countermeasure Shown by Integrated LE EMG
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Muscle
Figure 5.21: The effectiveness of countermeasure as shown by muscle electromyogram. Each bar represents
the average of 12 subjects. The Error bars represent the standard error of mean, and '*' represent p < 0.05
obtained from a paired t-test between JW and D.
Summary
For the knee flexor muscle (BF), jumping with weight is significantly more effective than delaying
for 60 seconds.
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" On the contrary, the ankle plantar flexor (GA), the knee extensor (RF), and ankle dorsiflexor (TA)
do not show that jumping with weight (Jw') is more effective than delaying for 60 seconds, or
countermeasure 'd' (p > 0.05).
" Out of the four muscle groups, BF is most affected by the partial gravity simulation.
5.3.3 Optotrak Data Analysis
Section 5.1, Adaptation, shows that the PCW conditions (JW, D, and ND) have greater maximum joint
angles (hip extension, knee flexion, and ankle plantar flexion) than the 1 G condition. Therefore, the
percentage difference of JW and D from the baseline 1 G condition indicates the degree of increased
joint angle extension or flexion from the baseline.
Figure 5.22 presents the effectiveness of Jw' on readapting to the baseline 1 G condition. All three
maximum joint angles show a small change from the baseline 1 G condition (< 1%). However, the
effectiveness of jumping with weight is still greater than delaying for 60 seconds ('d') for the hip and
ankle joints.
The hip joint extension after jumping with weight is only approximately 0.281% greater than the base-
line 1G condition. After countermeasure 'd', the hip joint angle deviates from the 1G condition by
0.4%, a 0.12% increase from condition JW. The percent difference from baseline of the JW and D con-
dition is significantly different (p < 0.05). The result here indicates jumping with weights after the par-
tial gravity simulation reduces the deviation from the IG condition more than delaying for 60 seconds.
Similarly for the ankle joint, countermeasure Jw' helps the subject to readapt to baseline more effec-
tive than 'd'. Condition JW shows only a 0.45% increase in ankle plantar flexion from condition 1G,
while condition D shows an increase of 0.93%. Once again, the difference between condition JW and
D is significant (p < 0.05).
Finally, jumping with the weight does not help in reducing the knee flexion deviation from the baseline
more delaying for 60 seconds. The knee flexion for JW is significantly greater than that the D condi-
tion (0.76% vs. 0.32%). This result indicates the subjects have greater knee flexion after jumping with
weights (JW) than delaying for 60 seconds (condition D).
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Effect of Countermeasure Shown by Maximum Joint Angle
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Figure 5.22: The effectiveness of countermeasure as shown by maximum joint angles. Each bar represents the
average of 12 subjects. The Error bars represent the standard error of mean, and '*' represent p < 0.05 obtained
from a paired t-test between JW and D.
Summary
- The results for hip and ankle maximum joint indicate jumping with weights after the partial gravity
simulation reduces the deviation from the 1G condition more than delaying for 60 seconds.
- For knee joint, jumping with the weight does not help in reducing the knee flexion deviation from
the baseline more than delaying for 60 seconds. This result indicates the subjects have greater knee
flexion after jumping with weights than delaying for 60 seconds.
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6
DISCUSSION AND CONCLUSIONS
The purpose of this chapter is to summarize and discuss the results. Three different biomechanical
measurements show changes from the baseline 1 G condition after partial gravity simulation. Moreover,
jumping with extra weights is effective in helping subjects readapting to 1G. The following sections
put these findings into perspective and explain the significance of the results as related to space flight.
The chapter first presents the limitations of the experimental techniques. Following this, Section 6.2
recaps and summarizes the experimental procedures. Section 6.3 then discusses the results of the adap-
tive changes found in ground reaction force, muscle EMG, and joint kinematics that the subjects
exhibit due to the Martian gravity simulation. Section 6.4 evaluates the transient responses. Following
this, the effectiveness of countermeasures, that are designed to help the subjects readapting the base-
line condition, is presented in Section 6.5. Section 6.6 recommends future work. Finally, Section 6.7
concludes the contribution of the thesis.
6.1 Experimental Constraints
The Moonwalker II apparatus provides a simulated partial gravity environment for human subjects sus-
pended above a treadmill to study human locomotion across the spectrum of gravity (0-1 G). However,
there are a few constraints that limit the realism of the simulation. As described in the Chapter 4
"Methods", the height of the experimental laboratory at BU placed a constraint on the allowable simu-
lator's height, therefore the number of springs that can be placed in series to reduce the overall system
oscillation is also limited. In addition, all suspension systems encounter a common problem including
the Moonwalker II: the springs produce a varying force as they are stretched regardless of spring com-
pliance. Consequently, the vertical lifting force used to simulate partial gravity loads tends to fluctuate
during the simulation, rather than producing an ideal, consistent partial G load. This fluctuation consis-
tently generates a 15-19% error (see Section 3.4.2 of Chapter 3 "Moonwalker Design") relative to the
Martian gravity (This error can be reduced significantly if more springs are placed in series).
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A second limitation of the Moonwalker II simulator is subject comfort. Suspension techniques usually
impose minor discomfort to the subject because of the pressure generated from the loads around the
groin and chest areas, which leads to unnatural gait. However, the current harness has been improved
significantly over previous simulators. A subjective survey in Appendix C shows the degree of comfort
of the harness is acceptable to all fourteen subjects (twelve plus subjects X and Y), and their gaits were
minimally affected by the harness.
A final limitation to the experiment is the computer software packages used to record the measure-
ments. The Gaitway software (Amherst, NY) is capable of recording and storing 60,000 continuous
data points for a single experimental trial with a sampling rate of 1000 Hz. Therefore, each post-coun-
termeasure walk (PCW) trial is limited to a 1 minute trial time with a sampling rate of 1,000 Hz. It is
not recommended to reduce the sampling rate to increase the trial time because the minimum required
sampling rate to capture all useful electromyographic information is 1000 Hz [14]. A trial time longer
than one minute is desirable because the data analysis shows that the subjects needed more than a
minute to readapt their gait to the baseline condition after the partial gravity simulation. Therefore, the
1 minute trial time captures interesting adaptive performance, but a longer trial time would provide a
complete data set on the full response of the readaptation phenomenon.
6.2 Recap
Numerous amounts of results are discovered in this research effort. Due to the complex nature of the
experiment, it is easy to lose track of the whole picture. This section serves to refresh the reader's
memory of what happened in this complex, yet highly sophisticated experiment in order to put all the
results into perspective.
The experimental time line can be categorized into four main phases. During phase 1 (P1), subjects
perform normal baseline treadmill walk (baseline 1 G condition) for 1 minute. At phase 2 (P2), subjects
run under simulated Martian gravity for 6 minutes. Following this, subjects perform one of the three
designed post-suspension countermeasures in phase 3 (P3): jumps with extra weights (Jw'), delay for
60 seconds ('d'), or no delay ('nd'). Finally, subjects perform the post-countermeasure walk on the
treadmill for one minute. The walks are designated as JW, D, or ND depending on the countermeasure
that proceeded the walk. For example, JW is the walk that comes after the countermeasure Jw'. Mea-
surements are taken during P1, P2, and P4. Only the measurements of P1 and P4 are used to compare
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the differences among the four walking conditions: 1G, JW, D, and ND. Figure 6.1 illustrates the
experimental time line.
P1 P2 P3 P4
1G Walk 3/8 G Run PSC PCW
I -
_ I - _ 
_ -36
0 1 2 3 4 5 6 7 8 9 '
Experimental Time Line (min)
Figure 6.1: Approximate experimental time line. P1, P2, P3, and P4 represent experimental procedures IG
baseline walk, 3/8 G run, post-suspension countermeasure, and post-countermeasure walk, respectively.
6.3 Adaptation to Martian Gravity
With Figure 6.1 in mind, this section discusses the gait adaptation results (measured in P4) that are
directly caused by P2 in the experiment. Recall from Chapter 1 "Introduction" that the first hypothesis
of this thesis is to determine if the newly developed partial gravity simulator (Moonwalker II) is effec-
tive in inducing the heavy-legs phenomenon, which is characterized by lower than normal muscle
activity [40]. Another goal is to enhance the database obtained from the previously performed experi-
ments utilizing older versions of the partial G simulator (Moonwalker). As described in Chapter 3
"Moonwalker Design", the older simulator (or Moonwalker) utilized a bicycle seat to suspend sub-
jects. This suspension technique caused an high degree of discomfort to the subjects. Consequently, the
results obtained from the previous experiment using the Moonwalker are not ideal. The current experi-
ment utilizes a simulator that provides greater comfort and minimizes gait disturbances.
The results obtained here have shown that the newly developed simulator (Moonwalker II) is effective
in inducing an adaptive phenomenon that is consistent with the heavy legs. In addition, a 6-minute par-
tial G simulation trial time is verified to cause this adaptive phenomenon which is manifested in
ground reaction force, muscle electromyogram, and joint kinematics. Furthermore, the adaptation
results shown by the ground reaction force (will be explained later) are consistent with the finding of
Newman et al. [40], [50].
Characteristics related to the postflight postural phenomenon known as 'heavy legs' are manifested
following the partial G simulation. Heavy legs is a sensation of feeling heavier than normal after expe-
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riencing partial gravity exposure. This sensation is frequently encountered by astronauts immediately
after their return to Earth. Previous studies indicated that the subjects who experienced heavy legs
reported that their legs felt weaker than normal as if their legs gained weight [50]. This sensation tends
to go away gradually after returning to 1G. Newman et al. postulated that the heavy-legs sensation
experienced by the astronauts can be modeled by a gain reduction in the leg muscles, that in turn,
causes decreased muscle activation levels [40]. Lower than normal ground reaction forces when run-
ning or walking in reduced gravity could cause the central nervous system (CNS) to adapt to an altered
muscle activation pattern (lower than normal) during normal IG locomotion. As a result, the muscle
gains in the legs are reduced for partial gravity locomotion. Assuming this postulate holds, it then
implies reduced muscle activity during and after partial G locomotion and the changes in muscle activ-
ity can be found in electromyogram signals.
Indeed, the current results demonstrate consistency with the heavy-legs phenomenon.The post-coun-
termeasure walk EMG signals (measured in P4) of biceps femoris, tibialis anterior, and gastrocnemius
show significant reduction compared to the baseline IG condition. Layne et al. investigated the muscle
activation of leg muscles at different phases of a stride and found that the RF, BF, and TA activation
amplitudes were different around the heel contact. In addition, RF and TA activations levels were dif-
ferent around toe off postflight [30]. It is, therefore, not surprising to find a difference in the overall
muscle activity between the baseline IG and the PCW conditions (JW, D, and ND). Most importantly,
the results provide additional information to Layne's finding: all PCW conditions show a decrease in
muscle activity for BF, TA, and GA, especially with BF being mostly affected by the partial G simula-
tion (30-36% decrease in ILE). These results demonstrate adaptation can be induced by the Martian
gravity simulation. During the simulation that occurs in P2, subjects experience 3/8 of their body
weight for 6 minutes. In this short time, it appears that the central nervous system reprograms the
motor control strategy due to the lower force requirement on the muscles. After the Martian gravity
simulation (occurs at P2) and PSC (occurs at P3), the partial G adapted CNS readjusts to the 1G envi-
ronment, causing the heavy-legs sensation to the ill-suited muscles. Consequently, a lower muscle
activity is found in the knee and ankle flexors when compared to baseline, which represents an altered,
adaptive muscle strategy appropriate for the Martian G environment. Once again, these results are
closely related to the heavy-legs phenomenon.
Of the four muscle groups, rectus femoris shows no difference between the baseline 1 G and the PCW
conditions. This result could be due to the fact that EMG signals of RF are not recorded at the same
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fidelity level as the other EMG signals. In addition, a majority of the subjects show very little or no RF
activity. Since a high noise and low activity level contribute to a low signal-to-noise ratio (SNR), a
"contaminated" RF EMG signal typically occurs. Low muscle activity is indicative of normal walking
which does not require significant activation of the hip flexor/knee extensor. Griffin et al. describes
walking as a pendulum-like motion characterized by an exchange of gravitational potential energy and
horizontal kinetic energy [17]. During the swing phase of a stride, gravity serves as the gravitational
potential energy that flexes the hip and extends the knee. Therefore, the limbs swing around the hip and
knee joints like a pendulum without utilizing significant muscle activation.
The second hypothesis of this thesis is that the changes in human gait following partial gravity simula-
tion are manifested in ground reaction force measurements, muscle activation levels, and joint kine-
matics. Typically, physiology researchers focus on EMG measurements while biomechanical
investigators analyze kinematics and ground reaction forces. Our approach is to record all measure-
ments since each measurement conveys valuable information. In this experiment, all three complemen-
tary measurements are used to assess human gait adaptation and readaptation characteristics to capture
the complete postural features of the heavy-legs phenomenon.
One of the three measurements (i.e., EMG) is shown to be effective in monitoring the adaptive changes
in human gait. Additionally, the biomechanical changes in gait following the Martian G simulation are
also found in two other measures. Consistent indication of higher ground reaction peak (3.5% in GRF1
and 2% in GRF2) amplitudes and increased maximum joint angles have confirmed the effectiveness of
GRF and kinematics in the manifestation of altered gait characteristics. As a matter of fact, Hernandez-
Korwo et al. found increased angular amplitude at the knee and ankle joints, as well as increased verti-
cal accelerations of the center of mass after space flight [20]. Interestingly, Chekirda et al. in 1971
reported changes in the contact phase of walking, in which the foot appeared to be "thrusted" onto the
support surface with a greater force than that observed in preflight [5]. Furthermore, Nutt et al. have
demonstrated that typical postflight locomotion can be described as "cautious gait", characterized by a
wide base of support, short strides, long double-foot stance phase, and reduced leg and arm motion
[42]. Recently, Shultz and Newman found increased maximum vertical force in walking after partial
gravity simulation [50].
In the current study, the PCW ground reaction force results show a greater first and second peak ampli-
tude than baseline, in consent with previous findings. Recall from Chapter 2 "Background" that
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ground reaction is a directly related to the acceleration of the center of mass (CM) of the body by
1 = M(g + a'. Since both the mass (M) and gravity (g) are fixed constants, the higher PWC GRF
peak amplitude implies a higher CM downward acceleration, a typical altered locomotor control strat-
egy for walking after the partial G simulation [20]. The explanation to the increased GRF peak ampli-
tude is that the greater downward acceleration of the center of mass (CM) of the subjects after Martian
gravity simulation.
Another interesting point emerges: the differences in ground reaction force between the baseline and
the post-countermeasure walks are found in the first and second peak amplitudes.The increased ampli-
tude occurs at heel contact and toe push-off phases of the stride cycle are unprecedented to the previ-
ous findings. According to McDonald et al., heel contact and toe off serve as the high-energy
transitions between the stance and swing phase of a stride, therefore, they are the most likely events to
manifest any motor changes following altered environment exposure [33], [34]. In fact, at heel contact
the musculoskeletal system must effectively absorb the energy generated as the result of the sudden
impact of the heel with the support medium while maintaining a kinematic strategy that ensures
dynamic stability. Therefore, it is not surprising to observe the post Martian simulation changes occur
at heel contact and toe off of the stride in this experiment. This finding is consistent with the fact that
gaze control (i.e., eye-head-trunk coordination) of locomotion is a management of energy flow through
the body, especially during high-energy interactions with the support surface such as those occurring at
the moment of heel strike and toe off [33]. In addition, the first peak deviation from the baseline ampli-
tude is slightly greater than that of the second peak's (4% vs. 2%), implying the alteration caused by
the Martian G simulation is more prevalent during heel contact than toe push-off phase of a stride
cycle. In other words, the motor control strategy of a stride may be more responsive and therefore more
susceptible to partial gravity environment during the heel contact phase.
Previous kinematics studies show postflight locomotor changes including increased angular amplitude
of knee and ankle joints [39]. Chekirda et al. found shorter steps and increased ground reaction force
postflight [5]. Additionally, disturbances in performance were observed including deviations from a
straight trajectory [5] and a tendency toward the loss of balance when walking around corners [23]. In
1996, Mcdonald et al. found elevated postflight within-stride-cycle variability in ankle joint and
increased variability at the moments of heel strike and toe off for all three joints (hip, knee, and ankle)
following space flight. They concluded that the response throughout the course of a stride cycle is joint
dependent and the changes are subject dependent; and that the significant joint-specific changes at heel
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strike and toe off emphasize the importance of these locomotor events [33]. Recently, Newman et al.
found reduced postflight leg stiffness by examining phase plane portraits, and suggested adaptive con-
trol of lower limb impedance to accommodate altered gravity levels [36], [39].
The results found here are consistent with previous findings: the kinematics shows a slight, but signifi-
cant increase in maximum hip extension, maximum knee flexion, and maximum ankle plantar flexion
after Martian gravity simulated exposure. Maximum hip extension occurs approximately at push off
(50%-60% of the stride cycle), maximum knee flexion occurs right after toe off or before the swing
phase (70-80%), and maximum ankle plantar flexion occurs at toe off (60-70%) of a stride cycle. The
greater post suspension hip extension implies the subjects walk with a longer stride length or higher
acceleration at push off. The larger post suspension ankle plantar flexion implies a greater acceleration
at push off by the subjects. Indeed, the second peak of the ground reaction force that is described pre-
viously, shows an increase peak amplitude of 2% compared to the baseline 1 G condition. Furthermore,
the greater post suspension knee flexion occurs during the beginning of the swing phase. However, the
difference is approximately 1% or less from the baseline condition. From the human gait standpoint, a
1% difference in kinematics might be negligible to contribute to any altered motor strategies. In gen-
eral, the results suggest that the subjects are more compliant that is featured by increased maximum
joint angles following partial G simulation, which is a well documented postflight characteristics [5],
[36], [39]. Finally, the phase plane analysis of the within-stride-cycle variability shows no significant
difference between the 1 G and PCWs. However, Figure 5.13 shows elevated variability for all three
joints at 60%-80% of the stride cycle (when toe off occurs), which reinforces McDonald's finding that
the high-energy transitions between the stance and swing phases are considered the most likely events
to illustrate changes in locomotor performance [33].
All of the previous results demonstrated that changes are found between the baseline 1 G (occurs at P1)
and PCW conditions (occurs at P4), however, the duration of these changes is the main topic of discus-
sion in the following section.
6.4 Readaptation from Martian Gravity
This section also discusses the results obtained in phase 4 (P4) of the experiment. However, instead of
focusing on the changes between the baseline 1 G and the PCW conditions, the transient response is
highlighted. A transient response is the response time to reach steady state, and the measurement for
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such response is the settling time. This response is illustrated by all three measurements: GRF, EMG,
and kinematics.
According to Nicogossian, the amount of time necessary for readaptation and the characteristic fea-
tures of the process exhibit large individual differences. Some differences may be attributed to varia-
tions in mission profile and duration, individual fitness, and the use of countermeasures [41].
Furthermore, different physiological systems appear to achieve readaptation at varying rates. As shown
in Figure 2.8, some of the physiological systems such as cardiovascular and lean body mass take more
than four weeks to readapt, whereas others such as the fluid/electrolytes system readapts in about one
week. In addition, Paloski et al. showed that postflight readaptation in gait is a rapid process [44].
Many of the subjects in Paloski's study displayed clinical abnormalities in postural control 2.5 hours
after landing; these same subjects had improved substantially upon resting 1 hour later. As McDonald
et al. pointed out, astronauts frequently encounter postural control problems immediately following
shuttle landing, but they adapt quickly thereafter [34].
In the present study, an even faster readaptation time is expected due to two reasons: (1) short partial
gravity simulation time, and (2) most of the body parts, including the vestibular system, do not experi-
ence partial gravity during the simulation. Indeed, the results show that the settling time is approxi-
mately 3-4 strides for all of the chosen measures: ground reaction peak forces, integrated linear
envelope for RF, BF, TA, and GA, and maximum joint angles for hip, knee, and ankle. These transient
responses are characterized by increased GRF peak forces and EMG, and decreased maximum joint
angles in the first stride group (Figure 5.14 to Figure 5.19). This finding is consistent with the anec-
dotal reports that postflight gait readaptation is a rapid process. In fact, human walking gait is a 1G
evolutionary process that can be quickly readapted to even after prolonged space flight, it is definitely
not surprising to see a settling time of 3-4 strides after only a 6-minute simulated Martian G exposure.
Additionally, during the first 3-4 strides, the subject is adjusting to the moving treadmill when he or
she first steps on it from a stationary stance. In fact, as the subject steps onto a moving treadmill,
greater muscle activation is needed for the motor system to stabilized the body. Moreover, smaller
steps (i.e., smaller joint angles) are preferred to prevent the body from losing balance when stepping
onto a rotating surface. Since this trend is consistent across all four conditions including the baseline
1 G condition, the transient response is not attributed entirely to the Martian gravity simulation. If the
first stride group is ignored, the four conditions of all three measures are very similar across the stride
groups, and no transient response can be identified.
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In addition to the settling time, another interesting point emerges. The PCWs curves (i.e., JW, D, and
ND) never converges with the baseline IG condition for the ground reaction first peak, biceps femoris,
tibialis anterior, gastrocnemius (Figure 5.15 and Figure 5.17). For these measures, the baseline iG
condition shows a significant difference from the post-countermeasure walks (JW, D, and ND) at each
stride group even after the 60 second trial. This confirms the existence of an adaptive phenomenon
described previously in Section 6.3. Recall that even though 6 minutes of Martian G simulation
induces an adaptation effect, it is still negligible compared to actual spaceflights that last days and
weeks. It is therefore surprising to find that the PCWs of those measures do not converge with the
baseline. This evidence suggests the fact that one minute of post-countermeasure walk may not be suf-
ficient enough to allow the full recovery of the gait. Therefore, it is possible that the results of these
measures (GRFl, BF, TA, GA) show only part of the beginning of the gait readaptation transient curve
since the post-countermeasure walks never converge with the baseline IG condition. In fact, two sub-
jects (E and G) indicated that their gait never returned to normal during the one minute post-counter-
measure walk in the Moonwalker survey, while nine out of 12 subjects expressed that it took them a
while to return to normal (Section C.2 of Appendix C "Experimental Procedures"). However, when
asked how long it took to return to normal gait, no subject was sure.
Finally, the concern that the transient characteristics (i.e, the time that the curve reaches steady state)
may be too short to be captured is addressed by the experimental design. The no delay trial (Condition
ND) is designed to capture the "short-lived" transient changes following the partial G exposure. Dur-
ing the ND condition, subjects conduct normal walking locomotion almost immediately after the sus-
pension run. Therefore, if the convergence of PCWs and the baseline occur immediately after the
partial G exposure, they should be revealed in the ND condition. However, the results show condition
ND does not converge with the baseline for GRF1, BF, TA, and GA. This again confirms that the com-
plete transient response has not yet been captured for these measures during the 1 minute post-counter-
measure walk.
6.5 Countermeasures
This section discusses the third hypothesis: readaptation time from a partial gravity to a 1G environ-
ment for an astronaut's motor control of gait can be minimized by countermeasures. In other words,
exercise can enhance readaptation to 1 G following partial gravity exposure.
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The most promising exercise countermeasure, jumping with extra weights, is investigated in this thesis.
Cavanagh et al. have suggested that an optimal countermeasure exercise must include both a high force
dF
and high rate of change in force ( T) [4]. Maximal loading is the most frequently specified parameter
in resistance exercise, but animal studies suggest that strain rate may also be an important variable in
dF
designing an effective countermeasure. In addition, the combination of high force and high 7 may
reduce the duration of exercise sessions needed to provide the required stimulus to prevent bone
remodeling [4]. In light of these research efforts, jumping with extra weights is implemented in this
dF
experiment due to its high force and rate of change of force, t.
The results illustrate that jumping with extra weights is effective at reducing gait deviations from the
baseline 1G condition caused by partial gravity exposure. To test the effectiveness of jumping with
weights, the baseline value is compared to not only the JW condition, but also to a no exercise condi-
tion (condition D, simply a delayed response). It is shown that jumping with extra weights effectively
reduces deviation from the baseline IG condition as shown by the ground reaction force, muscle activ-
ities, and joint kinematics. In each of the three measurements, the percentage differences from the
baseline 1 G condition for jumping with extra weights are consistently smaller than condition D (excep-
tions include rectus femoris, tibialis anterior, gastrocnemius, and the knee joint). Both the rectus femo-
ris and tibialis anterior show no significant difference between the JW and D conditions. An interesting
but unexpected result comes from the knee joint angle, where the jumping with weights does not
reduce the deviation of the maximum knee flexion angle from baseline more than the delay. In fact,
Condition D is less deviated from the baseline than condition JW. However, since the maximum knee
flexion angle occurs during the swing phase, it is difficult to determine if jumping with extra weights
helped to stabilize the knee joint. The only fact is that the knee joint is more flexed after jumping with
weights than delay.
The most immediate and significant effect of weightlessness is the absence of gravitational force on
the muscle groups. Therefore, the main purpose of any countermeasures is to restore the loading forces
on the body. In the current study, muscles groups are not lacking of gravitational force because the
experiment is a simulation at 1G. However, the muscles are indeed in a state that requires less demand
of activation during the Martian G simulation. Immediately following the simulation, muscle activation
at phase 3 is in an adaptive state that requires less demand of activation. Jumping with extra weights
provide the necessary force and high rate of change of force to help the subject reactivate the muscle
groups and to remind his or her central nervous system of the normal IG environment. Even though
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condition JW does not converge to condition 1G within the limited time frame (60 seconds), the walk-
ing characteristics found in the three measures (GRF, EMG, and kinematics) after jumping with
weights more closely reflects the normal baseline condition when compared to the control condition D,
or delay for 60 seconds. As a result, jumping with extra weights helps in restoring the muscular gains
toward pre-exposure levels, allowing normal locomotion to occur after acute partial G exposure. The
result strongly suggests that exercises that are high in both force and the rate of change of force is
effective in reducing the gait readaptation time following space flight.
6.6 Recommendation For Future Work
6.6.1 Experimental Protocols
Recommendations for future experimental protocols include the incorporation of an active control sys-
tem in the electric suspension system used to unload subjects. The idea is to develop a controllable
electric suspension capability, which senses the tension of the cable in real-time. For example, a winch
automatically winds and unwinds to keep the cable suspension tension at a constant level, which would
lead to a constant vertical lifting force on the subjects. However, if the budget is limited, the simulation
can be significantly improved by adding additional springs in series with the simulator frame extended
in height. An alternative would be to utilize elastic tubings instead of springs to provide a constant lift-
ing force on the subjects. However, this approach would require a minor modification of the simulator.
Since elastic tubings provide a constant force when stretched to a certain range, it is necessary to put
multiple tubings in a parallel arrangement in order to achieve a certain force output. These future
enhancements of the simulator should bring about a more realistic partial gravity simulation.
Secondly, the suspension harness that the subjects wear can be further improved to minimized the
stress level around the groin and chest areas. Possibly a custom-made harness with durable cushions
would be preferred. In addition, cushions should be placed under the arm pits and around the groin
area of the subjects to minimize the discomfort generated during suspension. An ideal harness should
allow a perfectly natural gait by the subjects. Moreover, this would lead to longer partial gravity simu-
lations, which would be useful in determining human responses under different exposure times and
various loading conditions. Finally, a computer system capable of acquiring and storing more than
60,000 data points is needed to extend the post-exposure trial time in order to capture the complete
transient response.
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6.6.2 Additional Experiments
A future experiment should be done to investigate the gait response at different partial gravity exposure
times. The current study examines the response characteristics after a 6 minute exposure. However, it
would be interesting to see what would happen if the exposure time is extended to longer period. This
would provide us more insight as to the relationship between length of space flight and readaptation
time. Furthermore, the partial G simulation level can be varied to study the different effects partial G
levels have on human gait. The current thesis addresses and investigates the results of a Martian G
exposure, but future experiments can help address questions across the gravity spectrum.
Lastly, it would be interesting to isolate the effect weights during a jump. The present experiment
examines the effect of jumping with extra weights but does not isolate the effect of the weight. The
extra weight is included in the jump simply to enhance the effect of the exercise. However, the weight
should serve as a catalyst to speed up the readaptation response in human gait.
6.7 Conclusion
This thesis investigates changes in human gait following short term exposure to simulated Martian
gravity through three measures: the ground reaction force, electromyogram, and kinematics of the
lower limbs. Ground reaction first and second peak forces, muscle electromyogram integrated linear
envelope, and maximum joint angles show significant amplitude differences for the post-exposure tri-
als when compared to pre-exposure trials (PCWs vs. IG). Increase in ground reaction peak forces,
decrease in muscle activity, and increase in maximum joint angles (maximum hip extension, knee flex-
ion, and ankle plantar flexion) are noticed following partial gravity locomotion. These results confirm
that an adaptive change occurs after the 6-minute simulated Martian gravity exposure.
The reduction in muscle activity, mainly symptoms of the heavy-legs phenomenon, is caused by a
change in the muscular gains by the central nervous system in an effort to adapt to partial gravity loco-
motion. Besides the reduction in muscle activity, a higher downward acceleration and more compliant
gait shown by increased in maximum joint angles are the two other characteristics found after the Mar-
tian G simulation. The results show that some of these postural changes last more than the allowable
one minute post-countermeasure trial time. As a result, the complete readaptation transient characteris-
tics are not captured for some of the measures. While the settling time is found for each condition, the
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convergence between the post-countermeasure walks and the baseline is not manifested, the results
suggest that only part of the gait readaptation transient response curve is shown.
This thesis would not be successful without the design and development of the Moonwalker II. The
Moonwalker II partial gravity simulator is served as the main protocol in this experiment and it is
proved to be effective in inducing biomechanical changes (i.e. heavy-leg phenomenon) during the sim-
ulation. It is designed and developed to improve the realism of the partial gravity simulation. This
enhanced simulator, with features such as modularity, stability, and versatility, is successful in simulat-
ing partial gravity environment on the lower extremities. The apparatus is used for the current postural
study and should contribute to future partial gravity simulation experiments.
Finally, the changes in muscular activity associated with the heavy-legs phenomenon along with that
of the ground reaction peak forces and kinematics, can be relieved through the performance of exer-
cise. The results shown here has demonstrated that exercise such as jumping with weights is effective
in helping the heavy-legs gait return to the baseline 1G condition after partial gravity exposure. This
combination of a better understanding of postflight postural characteristics and an insightful knowl-
edge of countermeasures should contribute to future countermeasure development aimed at postflight
recovery for astronauts. Development of better postflight countermeasures would ultimately lead to
safer space missions in the future.
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APPENDIX
SUBJECT CONSENT FORMS
HUMAN READAPTATION TO NORMAL GRAVITY AFTER SHORT-
TERM SIMULATED MARTIAN GRAVITY EXPOSURE AND THE
EFFECTIVNESS OF COUNTERMEASURES
Principal Investigator:
Professor Dava J. Newman
Co-Investigator:
Dr. Carole A. Tucker 2
Student Investigator:
Rex H. Wu3
I. VOLUNTARY PARTICIPATION, RIGHT TO WITHDRAW
Participation in this experiment is voluntary and the subject may withdraw consent and discontinue
participation in this experiment at any time without prejudice.
II. PURPOSE AND OBJECTIVE OF EXPERIMENT
Little has been done to determine the readaptation mechanism of human gait after space flight, espe-
cially the rates and transient characteristics of gait readaptation. The major concern is the readaptation
after return to earth since altered movement control strategies for microgravity are no longer optimized
1. Associate Professor of Aeronautics and Astronautics, MIT, 33-119.
2. Assistant professor, Department of Physical Therapy, Sargent College of Health and Rehabilitation Sci-
ences, Boston University.
3. Master's Candidate, Class of 1999, Department of Aeronautics and Astronautics, MIT, 37-219.
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for terrestrial gravity, causing postflight degradation of stability in posture, locomotion, and jumping
tasks. More importantly, the effectiveness of countermeasures to speed up the readaptation rate back to
Earth after space flight has not yet been addressed.
The goal of this experiment is to (1) determine the gait readaptation time/transient characteristics to 1-
G environment after short-term simulated partial gravity (3/8-G and 1/6-G) exposure, and (2) to study
the effectiveness of several countermeasures that are used to reduce the readaptation time. In order to
do this, the subject will wear a body harness which is suspended from the partial gravity simulator
(known as the Moonwalker II) so that the ensuing locomotion will be performed at a fraction of their
body weight, and will run on a stationary treadmill for a short period of time. Lower limb kinematics,
muscle activation levels, and ground reaction forces will be recorded during normal treadmill walking
before and after simulated partial G exposure.
III. EXPERIMENTAL PROTOCOL
Human Participants:
Data will be collected from up to 12 healthy human subjects.
Research Plan:
The proposed experimental protocol will be implemented in 3 days. The protocol consists of four por-
tions. The first portion is a normal treadmill walking to get the subjects familiarized with treadmill
walking. The second portion will also consist of normal treadmill walking during which data will be
taken to serve as a baseline data set. The third portion will involve low-G adaptation using simulated
Martian or lunar gravity treadmill running, followed by different countermeasures. The fourth portion
will simply repeat the second portion for post-exposure analysis.
HUMAN READAPTATON TO NORMAL G AFTER SIMULATED PARTIAL G
EXPOSURE AND THE EFFECTIVENESS OF COUNTERMEASURES
1. Treadmill Adaptation Walk
Prior to testing, the subjects will complete 15 minutes of treadmill walking at 1.0 m/s to familiarize
themselves with the treadmill and stabilize their neuromuscular activation patterns. During this phase
no data will be recorded. Previous investigations have shown that stable muscle activation patterns and
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gait cycle behavioral events are achieved within the first 15 minutes of treadmill locomotion [Charteris
and Taves, 1978; Wall and Charteris, 1981]. After familiarizing themselves with the treadmill, the sub-
jects will perform the following procedures.
2. Baseline Walks
Under 1-G, subjects will perform 90 seconds of baseline treadmill walking at a speed normalized to
their height (i.e., 1 stature/s). EMG of 4 leg muscles (i.e. tibialis anterior, gastrocnemius, quadriceps,
and hamstrings), ground reaction force trajectory, and kinematics data (hip, knee and ankle angles) will
be recorded using DELSYS EMG system, Gaitway instrumented treadmill, and OPTOTRAK motion
analysis system, respectively. The first and last 30 seconds of the 90 seconds data will be ignored and
only the remaining (30 seconds) data will serve as the baseline references for later comparisons.
3. Partial Gravity Running Adaptation
After the baseline walks, the subject forms the following sequence: (1) 5 minutes run (defined as the
adaptation run) on the treadmill at normalized speed in either simulated Martian or Lunar gravities, the
simulated gravities are accomplished by shortening the springs of the Moonwalker II. EMG, ground
reaction forces, and kinematics will be taken for 10 seconds starting at the 3rd minute of the run. Previ-
ous studies determined that running was more effective than walking in inducing the heavy legs phe-
nomenon, and that 5-6 minutes was a sufficient exposure duration for reaching steady state muscle
gain [Schultz, 1995]. Immediately after 5 minutes adaptation run, the subject will be egressed from
the harness. (2) The subject will perform each of the following countermeasures in a balanced order
before the post-exposure analysis. Vertical reaction forces, EMG, and kinematics will be recorded for
countermeasures.
(a) Standing still for 60 seconds.
(b) Vertical jumps for 60 seconds.
(c) Vertical jumps with weights (-25-30% of body weight) for 60 seconds.
4. Post-Exposure Analysis: Readaptation Walk
Immediately after the one of the above countermeasures, the subjects will walk on the treadmill for 60
seconds (This time will be determined by pilot study prior to the actual experiment, but as for right
now, it is assumed the longest readaptation time to 1-G in any conditions is 60 seconds) during which
time the readaptation should be completed (defined as the readaptation walk). EMG, kinematics, and
vertical ground reaction force data will be recorded.
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IV. FORESEEABLE INCONVENIENCE, DISCOMFORT, AND RISKS TO THE SUBJECT
Delayed-onset muscle soreness may occur due to the physical exercise performed as part of the exper-
iment. Standard risks involved with running and walking. I may also experience minor discomfort
due to suspension in the safety harness.
V. RISK MINIMIZATION
Treatment for sore muscles or other injuries incurred from participation in this experiment will be
available through the MIT Medical Department and Boston University Student Health Service (881
Commonwealth Avenue), at the expense of the subject's insurance carrier where applicable. It will be
possible for the experimenter to release the suspension or stop the treadmill during any point in the
experiment without danger to the subject. All subjects will be familiarized with the equipment and
trained in how to properly run on the treadmill.
VI. REMEDY IN THE EVENT OF INJURY
In the unlikely event of physical injury resulting from participation in this research, the subject under-
stands that medical treatment will be available from the MIT Medical Department and Boston Univer-
sity Student Health Service (881 Commonwealth Avenue) including first aid emergency treatment and
follow-up care as needed, and that his/her insurance carrier may be billed for the cost of such treat-
ment. However, no compensation can be provided for medical care apart from the foregoing. The sub-
ject further understands that making such medical treatment available, or providing it, does not imply
that such injury is the investigator's fault. The subject also understands that by his/her participation in
4
this study he/she is not waiving any of his/her legal rights .
VII. COMPENSATION
The subject will receive no compensation for participating in this experiment.
VIII. ANSWERS TO QUESTIONS
4. Further information may be obtained by calling the Institute's Insurance and Legal Affairs Office at
(617)253-2822.
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The subject may receive answers to any questions related to this experiment by asking the test conduc-
tor or contacting the Principal Investigator at (617) 253-5487.
IX. IN THE EVENT OF UNFAIR TREATMENT
The subject understands that he/she may also contact the Chairman of the Committee on the use of
Humans as Experimental Subjects, MIT at (617) 253-6787, if the subject feels that he/she has been
treated unfairly as a subject.
X. SIGNATURE
have read and understand the information contained
(Subject's Printed Name)
in this consent form and agree to participate as a subject in this experiment.
(Subject's Signature) (Date)
(Witness)
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B
MOONWALKER PARTS LIST
Table B.1: Moonwalker II Parts List.
Part Number Description Quantity
P9000-20' Telestrut Channel 40'
P9200-20' Telestrut Channel 30'
P1000-20' 1 5/8" x 1 5/8" Channel 120'
P2245-GR 8 Hole Wing Fitting 8 PC
P2458-30-GR 30" Tube Knee Brace 8 PC
P2458-36-GR 36" Tube Knee Brace 8 PC
P1047-GR 1 5/8" 5 Hole Clevis 4 PC
P1347-GR 1 7/8" 2 Hole Z Fitting 4 PC
P1377-GR 4 Hole Splice Clevis 4 PC
P2949-EG 2 Wheel Trolley 4 PC
HHCS050250-EG 1/2" x 2 1/2" Hex Head Screws 85 PC
HHCS050150-EG 1/2" x 1 1/2" Hex Head Screws 70 PC
P1010 1/2" - 13 Nut with Spring 70 PC
HHXN050-EG 1/2" Hex Nut 85 PC
HFLW050-EG 1/2" Flat Washer 150 PC
P9209-EG Gravity Pin 4 PC
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EXPERIMENTAL PROCEDURES
C.1 Exact experimental procedures for each cycle.
1. Go through procedures with subject, explain key words like "stop","straddle", and "winch".
2. Center the hooks.
3. Have subject step onto the treadmill.
4. Hook & ask subjects to let themselves hang (record down weight, ask how it feels, and adjust).
5. Calculate Martian and lunar gravity (Martian is 3/8 G, lunar is 1/6 G, so the display should read 5/8
and 5/6 of total reading for Martian and Lunar, respectively).
6. Have subject stand straight/hands at sides and winch to desired loading.
7. Start treadmill.
8. Increase velocity to 5 miles/hr., start timer when v=5 miles/hr.
9. Call out time at every minute, then at the last 10 seconds, say 10....,5,4,3,2,1,stop.
10.Stop & start 2nd timer, unwinch.
11.Unhook, perform (control, jump, jump w/ weight) within 60 seconds.
12.Restraddle, start treadmill for readaptation walk.
13.Right before t=60 s, say "Rex go".
14.At t=60 seconds, start walk and start 3rd timer.
15.At t=90 seconds, stop.
16.Unhook, rest.
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C.2 Moonwalker Survey and Result
Please answer the following questions to the best of your knowledge. When answer choices are pro-
vided, please circle the appropriate choice.
1. Immediately after the suspension run and one of the 3 procedures (walk immediately, stand still for
1 minute, and vertical jumps with weights), you were asked to walk on the treadmill for 60 seconds.
How would you describe the time it took for your walking gait/muscle activation to return to normal
condition?
a) Immediately
b) After a while
c) My gait never return to normal condition in the given time
d) Not sure
2. There were 5 cycles which consisted of 5 suspension runs on each day. Did you feel the latter runs
were more tiresome to perform than the earlier runs (Yes No)? If so, at which cycle did you feel
fatigue started to take place (1 2 3 4 5 6)?
3. Did your legs feel heavier right after the suspension runs (Yes No)? If no, please describe how
your legs felt right after the suspension run.
4. Did your feeling of leg heaviness after the suspension run subside as the experiment went on? In
other words, compare to the very first suspension run, how did the feeling of heavy legs on the sixth
run change?
a) Same
b) Decreases
c) Increases
c) Not Sure
5. Did you feel any of the procedures (standing still for 1 min. and jumping with weights) help you to
reduce the heavy legs phenomenon (Yes No)?
6. Please rate the following procedures in terms of the effectiveness on reducing heavy legs phenome-
non (1-most effective, 3-least effective).
a) Walk immediately after suspension
b) Walk after standing still for 1 minute
c) Walk after 3 vertical jumps with weights
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7. Please rate the suspension harness in terms of the degree of comfort.
a) Unacceptable
b) Tolerable
c) Acceptable
d) Desirable
e) Perfect
Please give any additional comments on improving the harness.
8. How much did the harness interfere with your running gait? Please explain.
a) Very little
b) Moderately
c) Significantly to a point that I couldn't really run normally
Table C.1: Results of Moonwalker Survey.
Survey Question Number
Subject 1 2 3 4 5 6 7 8
A (a) Y(4) N (d) Y 321 (b) (a)
B (a) Y(4) Y (b) Y 312 (b) (a)
C (b) N Y (b) N 231 (c) (a)
D (b) Y(3) Y (a) Y 312 (b) (a)
E (c) N Y (c) N? ? (b) (b)
F (b) N Y (b) Y 321 (b) (a)
G (c) N Y (b) Y 231 (c) (b)
H (b) Y(5) N (b) Y 231 (b) (b)
I (b) N* Y (a) Y 2-21 (b) (a)
J (b) N Y (c) Y 321 (c) (a)
K (b) Y(4) Y (b) Y 321 (b) (a)
L (b) N Y (a) Y 312 (c) (b)
X (d) N Y (c) Y 321 (b) (b)
Y (b) N Y (b) Y 321 (c) (b)
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C.3 Subject Experimental Schedule
The 1st, 2nd, and 3rd digital of the subject code represent subject letter, group, and day, respectively.
Table C.2: Week 1 (Feb. 22-Feb. 28).
Time Mon Tue Wed Thur Fri Sat Sun
9 AM
10
11
12 PM
1
2
3 All CI A12El 2
4
5
6
7
Table C.3: Week 2 (Mar. 1-Mar. 7)
Time Mon 'The Wed Thur Fri Sat Sun
9 AM
10 G21
12 PM-
2 H21
3 DII EL aD 2 l
4
5
6
7
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Table C.4: Week 3 (Mar. 8-Mar. 14).
Time Mon Te Wed Thur Fri Sat Sun
9 AM
10 F12
11
12 PM IR
1
2
3 11G22 E12
4
5 H22
6
7
Table C.5: Week 4 (Mar. 15-Mar 21).
Time Mon 'Ihe Wed Thur Fri Sat Sun
9 AM
10 J22 2
12 PM
2
3 122
4
5
6
7K2
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APPENDIX
D
STATISTICS TABLE
D.1 All Stride Comparison-Subject by Subject Analysis
This section presents the results obtained from the repeated measure analysis of variance (ANOVA)
statistical analysis for each subject.The General linear model estimates the main effects without any
independent variables.
Table D.1: Ground Reaction Force First Peak: P-Values.
Subject 1G vs. JW 1G vs. D 1G vs. ND
A .001 .000 .024
B .000 .000 .179
C .000 .000 .000
D .000 .000 .000
E .016 .000 .073
F .000 .000 .000
G .000 .000 .000
H .000 .000 .000
1 .331 .050 .441
J .000 .000 .000
K .000 .000 .000
L .000 .000 .000
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Table D.2: Ground Reaction Force Second Peak: P-Values.
Subject 1G vs. JW 1G vs. D 1G vs. ND
A .000 .000 .000
B .015 .005 .000
C .122 .088 .787
D .000 .000 .000
E .550 .078 .041
F .156 .109 .430
G .000 .901 .124
H .000 .000 .072
1 .044 .122 .989
J .000 .055 .011
K .000 .000 .000
L .000 .119 .000
Table D.3: Rectus Femoris: P-Values.
Subject 1G vs. JW IG vs. D 1G vs. ND
A .000 .000 .000
B .000 .000 .000
C .000 .000 .000
D .000 .000 .000
E .000 .000 .780
F .019 .627 .082
G .000 .000 .389
H .000 .000 .000
1 .000 .000 .000
J .000 .000 .332
K .000 .000 .000
L .001 .002 .021
176
Appendix D: Statistics Table
Table D.4: Biceps Femoris: P-Values.
Subject IG vs. JW 1G vs. D 1G vs. ND
A .000 .000 .000
B .000 .000 .000
C .000 .000 .000
D .000 .000 .000
E .000 .000 .000
F .002 .000 .000
G .245 .000 .000
H .000 .000 .000
1 .000 .000 .000
J .656 .000 .002
K .000 .000 .000
L .001 .286 .000
Table D.5: Tibialis Anterior: P-Values.
Subject 1G vs. JW 1G vs. D 1G vs. ND
A .000 .000 .000
B .000 .000 .000
C .000 .000 .000
D .000 .001 .000
E .000 .000 .000
F .076 .447 .298
G .000 .000 .043
H .000 .000 .000
1 .501 .000 .807
J .001 .000 .000
K .000 .000 .000
L .683 .669 .000
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Table D.6: Gastrocnemius: P-Values.
Subject 1G vs. JW 1G vs. D 1G vs. ND
A .000 .000 .000
B .000 .000 .000
C .000 .000 .000
D .000 .000 .000
E .027 .011 .015
F .000 .011 .000
G .025 .000 .000
H .000 .000 .000
1 .038 .420 .194
J .013 .657 .000
K .013 .501 .966
L .000 .000 .000
Table D.7: Hip: P-Values.
Subject 1G vs. JW IG vs. D 1G vs. ND
A .000 .828 .000
B .040 .302 .008
C .000 .005 .085
D .002 .000 .002
E .084 .088 .039
F .000 .000 .000
G .000 .000 .000
H .001 .000 .063
1 .005 .001 .000
J .000 .000 .000
K .000 .010 .001
L .054 .001 .000
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Table D.8: Knee: P-Values.
Subject 1G vs. JW IG vs. D IG vs. ND
A .000 .000 .000
B .000 .000 .000
C .010 .169 .806
D .275 .515 .193
E .000 .000 .000
F .000 .000 .000
G .003 .563 .419
H .494 .354 .198
1 .101 .776 .486
J .000 .000 .000
K .239 .000 .984
L .167 .665 .026
Table D.9: Ankle: P-Values.
Subject 1G vs. JW 1G vs. D 1G vs. ND
A .325 .656 .744
B .014 .000 .016
C .000 .000 .000
D .385 .653 .003
E .300 .019 .817
F .042 .000 .000
G .001 .000 .000
H .000 .000 .000
1 .013 .000 .000
J .000 .546 .000
K .000 .000 .000
L .009 .350 .004
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D.2 All Stride Comparison-Grouped Subject Analysis
This section presents the results obtained from the repeated measure analysis of variance (ANOVA) in
a grouped-subject statistical analysis. The General linear model estimates the main effects without any
independent variables.
Table D.10: GRF: Mean Magnitudes and P-Values for Grouped-Subject Analysis.
GRF VARIABLES
TRIALS GRF First Peak (BW) GRF Second Peak (BW)
1G 1.186 1.062
JW 1.219 1.071
D 1.229 1.081
ND 1.222 1.064
JW1 1.211 1.064
JW2 1.226 1.078
DI 1.226 1.069
D2 1.232 1.093
COMPARISON p-Values p-Values
IG vs. JW 0. 0005 0.0005
1G vs. D 0.0005 0.0005
1G vs. ND 0.0005 0.322
JW vs. D 0.0005 0.0005
JW vs. ND 0.047 0.007
D vs. ND 0.001 0.0005
JW1 vs. JW2 0. 0005 0.0005
D1 vs. D2 0.024 0.0005
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Table D.11: EMG: Mean Magnitudes and P-Values for Grouped-Subject Analysis.
EMG VARIABLES
TRIALS RF (mV.s) BF (mV.s) TA (mV.s) GA (mV.s)
1G 101.043 100.931 101.172 100.891
Jw 104.018 70.670 91.888 87.938
D 103.581 67.110 92.074 87.284
ND 100.485 64.271 88.763 88.305
JW1 99.180 75.832 92.495 89.669
JW2 108.856 65.567 91.281 86.206
DI 101.099 67.737 92.863 89.602
D2 106.063 66.482 91.285 84.965
COMPARISON p-Values p-Values p-Values p-Values
1G vs. JW 0.110 0.0005 0.0005 0.0005
1G vs. D 0.180 0.0005 0.0005 0.0005
IG vs. ND 0.771 0.0005 0.0005 0.0005
JW vs. D 0.802 0.0005 0.672 0.073
JW vs. ND 0.035 0.0005 0.0005 0.403
D vs. ND 0.064 0.001 0.0005 0.026
JW1 vs. JW2 0. 0005 0.0005 0. 111 0.0005
D1 vs. D2 0.075 0.382 0.031 0.0005
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Table D.12: Kinematics: Mean Magnitudes and P-Values for Grouped-Subject Analysis.
JOINT ANGLES VARIABLES
TRIALS HIP (degree) KNEE (degree) ANKLE (degree)
IG 104.904 68.393 131.518
JW 105.084 68.765 131.888
D 105.299 68.453 132.731
ND 105.018 68.818 132.489
jW1 105.127 68.670 131.828
JW2 105.041 68.860 131.948
D1 105.315 68.641 132.172
D2 105.283 68.265 133.290
COMPARISON p-Values p-Values p-Values
1G vs. JW 0.0005 0.0005 0.0005
1G vs. D 0.0005 0.514 0.0005
1G vs. ND 0.09 0.0005 0.0005
JW vs. D 0.0005 0.0005 0.0005
JW vs. ND 0.147 0.416 0.0005
D vs. ND 0.0005 0.0005 0.053
JW1 vs. JW2 0.106 0.029 0.264
D1 vs. D2 0.678 0.0005 0.0005
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D.3 Stride Group Comparison
This section presents the results obtained from the repeated measure analysis of variance (ANOVA) in
a grouped-subject statistical analysis for each stride group. The General linear model estimates the
main effects without any independent variables.
Table D.13: GRF1: Mean Magnitudes and P-Values for Stride Groups.
STRIDE GROUP
TRIALS 1 2 3 4 5 6
1G 1.198 1.196 1.186 1.182 1.183 1.169
JW 1.227 1.221 1.215 1.214 1.224 1.207
D 1.244 1.237 1.227 1.226 1.227 1.211
ND 1.239 1.230 1.216 1.219 1.226 1.199
JW1 1.217 1.210 1.209 1.207 1.218 1.202
JW2 1.237 1.232 1.221 1.221 1.230 1.211
D1 1.242 1.241 1.227 1.222 1.219 1.200
D2 1.245 1.232 1.226 1.230 1.234 1.222
COMPARISON p-Value p-Value p-Value p-Value p-Value p-Value
1G vs. JW 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
1G vs. D 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
1G vs. ND 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
JW vs. D 0.005 0.0005 0.0005 0.0005 0.492 0.209
JW vs. ND 0.115 0.072 0.757 0.185 0.534 0.081
D vs. ND 0.580 0.147 0.019 0.058 0.963 0.005
JW1 vs. JW2 0.037 0.0005 0.006 0.001 0.009 0.236
D1 vs. D2 0.770 0.169 0.0973 0.155 0.018 0.0005
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Table D.14: GRF2: Mean Magnitudes and P-Values for Stride Groups.
STRIDE GROUP
TRIALS 1 2 3 4 5 6
IG 1.047 1.072 1.068 1.066 1.060 1.055
jw 1.0535 1.087 1.076 1.075 1.068 1.067
D 1.079 1.091 1.081 1.083 1.079 1.073
ND 1.033 1.082 1.069 1.070 1.068 1.062
jw1 1.054 1.071 1.069 1.068 1.061 1.058
JW2 1.053 1.103 1.082 1.081 1.074 1.075
D1 1.065 1.084 1.069 1.072 1.066 1.057
D2 1.092 1.098 1.093 1.094 1.092 1.088
COMPARISON p-Value p-Value p-Value p-Value p-Value p-Value
1G vs. JW 0.466 0.001 0.044 0.059 0.107 0.032
1G vs. D 0.001 0.0005 0.0005 0.0005 0.000 0.0005
1G vs. ND 0.265 0.026 0.767 0.333 0.031 0.145
JW vs. D 0.003 0.396 0.122 0.025 0.007 0.170
JW vs. ND 0.082 0.218 0.090 0.239 0.833 0.369
D vs. ND 0.0.0005 0.015 0.001 0.001 0.001 0.007
JW1 vs. JW2 0.973 0.0005 0.053 0.015 0.036 0.042
D1 vs. D2 0.032 0.002 0.000 0.0005 0.0005 0.0005
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Table D.15: RF: Mean Magnitudes and P-Values for Stride Groups.
Rectus Femoris STRIDE GROUP
TRIALS 1 2 3 4 5 6
1G 104.658 99.599 101.651 100.165 100.068 99.622
jw 100.004 103.209 110.484 103.486 104.645 101.612
D 104.122 100.293 101.257 109.152 106.239 99.394
ND 100.260 97.391 101.135 98.223 101.867 105.578
jW1 97.036 95.689 104.994 98.210 98.514 101.196
JW2 102.972 110.728 115.973 108.762 110.775 102.028
D1 104.751 96.234 98.285 104.351 100.656 102.839
D2 103.493 104.352 104.228 113.953 111.822 95.949
COMPARISON p-Value p-Value p-Value p-Value p-Value p-Value
1G vs. JW 0.213 0.347 0.150 0.347 0.258 0.737
1G vs. D 0.905 0.825 0.921 0.098 0.256 0.965
1G vs. ND 0.394 0.592 0.912 0.651 0.655 0.341
JW vs. D 0.100 0.355 0.093 0.224 0.750 0.558
JW vs. ND 0.941 0.127 0.093 0.107 0.417 0.406
D vs. ND 0.240 0.355 0.967 0.030 0.395 0.193
JW1 vs. JW2 0.170 0.004 0.259 0.024 0.017 0.873
D1 vs. D2 0.764 0.051 0.209 0.341 0.232 0.182
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Table D.16: BF: Mean Magnitudes and P-Values for Stride Groups.
Biceps Femoris STRIDE GROUP
TRIALS 1 2 3 4 5 6
1G 106.457 98.797 99.740 98.898 100.696 100.954
jw 72.366 69.101 70.321 71.413 70.536 70.345
D 69.420 64.065 65.986 67.941 70.304 64.334
ND 65.359 62.790 65.660 64.376 64.021 62.983
JW1 77.064 71.768 76.045 76.095 76.187 78.851
JW2 67.668 66.433 64.596 66.731 64.884 61.839
D1 70.839 64.747 68.258 69.059 67.166 65.647
D2 68.000 63.383 63.713 66.824 73.441 63.021
COMPARISON p-Value p-Value p-Value p-Value p-Value p-Value
1G vs. JW 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
1G vs. D 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
1G vs. ND 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
JW vs. D 0.047 0.011 0.019 0.133 0.945 0.026
JW vs. ND 0.0005 0.003 0.011 0.0005 0.0005 0.013
D vs. ND 0.009 0.297 0.844 0.008 0.063 0.357
JW1 vs. JW2 0.0005 0.189 0.0005 0.007 0.0005 0.001
D1 vs. D2 0.189 0.447 0.053 0.536 0.344 0.165
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Table D.17: TA: Mean Magnitudes and P-Values for Stride Groups.
Tibialis Anterior STRIDE GROUP
TRIALS 1 2 3 4 5 6
1G 105.282 100.893 100.770 100.035 98.943 100.758
jw 92.856 89.816 93.081 91.539 91.567 92.705
D 92.125 92.047 92.539 91.991 92.458 90.956
ND 89.198 87.839 89.511 89.127 88.704 87.930
jW1 94.131 89.894 93.366 91.964 91.732 94.444
JW2 91.580 89.737 92.796 91.113 91.402 90.965
DI 94.337 93.188 94.347 92.322 90.806 91.569
D2 89.912 90.906 90.731 91.659 94.109 90.343
COMPARISON p-Value p-Value p-Value p-Value p-Value p-Value
1G vs. JW 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
1G vs. D 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
1G vs. ND 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
JW vs. D 0.476 0.047 0.571 0.647 0.454 0.145
JW vs. ND 0.005 0.090 0.002 0.009 0.0005 0.001
D vs. ND 0.006 0.0005 0.001 0.008 0.007 0.001
JW1 vs. JW2 0.146 0.939 0.756 0.577 0.827 0.198
Dl vs. D2 0.005 0.174 0.003 0.719 0.198 0.449
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Table D.18: GA: Mean Magnitudes and P-Values for Stride Groups.
Gastrocnemius STRIDE GROUP
TRIALS 1 2 3 4 5 6
1G 99.829 98.667 102.442 101.002 102.004 101.793
jw 84.562 85.624 88.359 89.673 90.683 89.506
D 83.988 84.448 88.536 89.165 90.602 87.282
ND 85.631 86.340 88.172 90.813 90.126 89.258
jW1 87.242 87.163 88.903 90.590 92.384 93.100
JW2 81.881 84.084 87.814 88.756 88.981 85.911
D1 85.608 87.010 91.499 92.023 92.073 89.679
D2 82.368 81.886 85.573 86.307 89.131 84.885
COMPARISON p-Value p-Value p-Value p-Value p-Value p-Value
1G vs. JW 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
IG vs. D 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
1G vs. ND 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
JW vs. D 0.560 0.084 0.828 0.536 0.936 0.936
JW vs. ND 0.392 0.432 0.841 0.250 0.602 0.602
D vs. ND 0.204 0.047 0.701 0.122 0.685 0.685
JW1 vs. JW2 0.001 0.013 0.333 0.162 0.010 0.010
D1 vs. D2 0.033 0.0005 0.0005 0.0005 0.054 0.054
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Table D.19: Hip: Mean Magnitudes and P-Values for Stride Groups.
Hip STRIDE GROUP
TRIALS 1 2 3 4 5 6
IG 104.327 104.866 104.891 105.008 105.167 105.312
jw 104.445 105.145 105.164 105.200 105.276 105.382
D 104.814 105.297 105.305 105.544 105.459 105.427
ND 104.608 104.931 105.120 105.133 105.215 105.155
jW1 104.385 105.240 105.165 105.298 105.334 105.460
JW2 104.504 105.049 105.162 105.102 105.218 105.303
D1 104.829 105.342 105.294 105.513 105.447 105.547
D2 104.799 105.251 105.315 105.575 105.471 105.306
COMPARISON p-Value p-Value p-Value p-Value p-Value p-Value
1G vs. JW 0.557 0.007 0.005 0.024 0.243 0.582
1G vs. D 0.043 0.0005 0.001 0.0005 0.043 0.345
1G vs. ND 0.306 0.609 0.096 0.258 0.697 0.250
JW vs. D 0.008 0.020 0.162 0.004 0.147 0.571
JW vs. ND 0.350 0.009 0.654 0.428 0.516 0.028
D vs. ND 0.294 0.0005 0.128 0.002 0.076 0.005
JW1 vs. JW2 0.604 0.047 0.973 0.047 0.227 0.158
D1 vs. D2 0.884 0.348 0.902 0.773 0.918 0.045
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Table D.20: Knee: Mean Magnitudes and P-Values for Stride Groups.
Knee STRIDE GROUP
TRIALS 1 2 3 4 5 6
IG 67.913 68.575 68.550 68.424 68.392 68.542
jw 68.199 68.884 68.868 68.930 68.723 69.088
D 68.078 68.514 68.627 68.609 68.450 68.416
ND 68.540 68.947 68.914 68.873 68.845 68.761
jW1 68.317 68.798 68.753 68.835 68.577 68.752
JW2 68.080 68.970 68.982 69.024 68.868 69.424
D1 68.067 68.623 68.919 68.775 68.689 68.829
D2 68.088 68.405 68.334 68.443 68.210 68.002
COMPARISON p-Value p-Value p-Value p-Value p-Value p-Value
IG vs. JW 0.331 0.010 0.020 0.0005 0.019 0.001
1G vs. D 0.648 0.709 0.681 0.253 0.744 0.610
iG vs. ND 0.099 0.014 0.032 0.002 0.005 0.198
JW vs. D 0.637 0.002 0.047 0.004 0.028 0.0005
JW vs. ND 0.227 0.542 0.672 0.598 0.247 0.026
D vs. ND 0.058 0.0005 0.020 0.019 0.006 0.070
JW1 vs. JW2 0.546 0.226 0.074 0.141 0.059 0.0005
D1 vs. D2 0.955 0.323 0.006 0.110 0.023 0.006
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Table D.21: Ankle: Mean Magnitudes and P-Values for Stride Groups.
Ankle STRIDE GROUP
TRIALS 1 2 3 4 5 6
1G 130.293 131.603 131.973 131.989 131.996 131.201
jw 130.566 131.984 132.424 132.262 132.218 131.927
D 132.174 132.700 132.738 133.122 132.999 132.668
ND 131.899 132.412 132.583 132.903 132.924 132.152
JW1 130.399 132.093 132.402 132.096 132.297 131.677
JW2 130.733 131.875 132.445 132.428 132.138 132.176
D1 131.504 132.358 132.174 132.563 132.777 131.489
D2 132.844 133.042 133.302 133.680 133.221 133.846
COMPARISON p-Value p-Value p-Value p-Value p-Value p-Value
1G vs. JW 0.314 0.047 0.022 0.199 0.284 0.0005
1G vs. D 0.0005 0.0005 0.008 0.0005 0.002 0.0005
1G vs. ND 0.0005 0.001 0.008 0.0005 0.0005 0.0005
JW vs. D 0.0005 0.004 0.195 0.0005 0.003 0.044
JW vs. ND 0.0005 0.032 0.388 0.0005 0.001 0.253
D vs. ND 0.435 0.304 0.575 0.406 0.799 0.188
JW1 vs. JW2 0.350 0.315 0.841 0.155 0.536 0.052
D1 vs. D2 0.009 0.144 0.013 0.024 0.396 0.001
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APPENDIX
E
MATLAB SCRIPTS
E.1 Filtering Scripts
filterforce.m
%filterforce.m
%Low pass digital elliptic filter, 3rd order, 0.5 dB ripple in the pass
%band, 20 dB ripple in the stop band, and 30 Hz corner frequency.
function [filt_forcedata] = filterforce(filename)
sample-rate = 1000;
%define filter parameters
FilterOrder = 3;
Rp = 0.5;
Rs = 20;
CornerFreq= 30/(sample-rate*0.5);
[B,A] = ellip(FilterOrder,Rp,Rs,CornerFreq);
filt-forcedata = filter(B,A,filename);
filterrawemg.m
%filter_raw_emg.m
%This script filters and rectifies the emg data
function [rec-emg) = filterrawemg(filename)
%Define and obtain variables
sample-rate = 1000;
[m n] = size(filename);
datarows = m;
datacols = n;
half_rate = sample-rate/2;
%Processing the raw data
%first the data is filtered to remove extraneous noise%
filterorder = 5;
cutoff = [20/halfrate 300/halfrate];
[bl,al= butter (filterorder, cutoff);
for i=l:datacols
filt-emg(:,i)=filtfilt(b1,al, (filename(:,i)));
end
%Rectification rec-emg=abs(filtemg);
filter-emg.m
%filteremg.m
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%This script converts raw emg into linear envelope.
function [linear_envelop] = filteremg(filename)
quadricep = 9;
hams = 10;
ta = 11;
gast = 12;
%Define and obtain variables
sample_rate = 1000;
rawdata = filename(:,quadricep:gast);
[m n] = size(raw-data);
datarows = m;
datacols = n;
half-rate = samplerate/2;
%Processing the raw data
%first the data is filtered to remove extraneous noise%
filterorder = 5;
cutoff = [20/half-rate 300/half-rate];
[bl,al] = butter(filter-order,cutoff);
for i=1:datacols
rawdata(:,i)=filtfilt(bl,al, (raw data(:,i)));
end
%Rectification
raw_data=abs(raw_data);
%Then it is low-pass filtered to produce the linear envelopes
%make sure there aren't any non-physiological spikes or your envelope
%will be off. Remove any by hand by setting that sample equal to
%surrounding ones (or interpolate).
cutoff2 = 4/half-rate;
[b,a]=butter(filter_order,cutoff2);
for i=l:datacols
raw_data(:,i)=filtfilt(b,a, (rawdata(:,i)));
end
linear-envelop = raw-data;
%mean-amp = mean(linearenvelop);
%[r,cJ = size(linear-envelop);
%temp = zeros(r,c);
%for i = 1:c
% temp(:,i) = mean_amp(i);
%end
%meanamp = temp;
%normemg = linearenvelop ./ meanamp;
filter-speed.m
%filterspeed.m
%Low pass digital elliptic filter, 3rd order, 0.5 dB ripple in the pass
%band, 20 dB ripple in the stop band, and 10 Hz corner frequency.
function [filt-speed-data] = filter-speed(filename)
%define the column number
speed = 8;
sample-rate = 1000;
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%define filter parameters
FilterOrder = 3;
Rp = 0.5;
Rs = 20;
CornerFreq= 10/(sample-rate*0.5);
raw_data = filename(:,speed);
[B,AJ = ellip(FilterOrder,Rp,Rs,CornerFreq);
filtspeeddata = filter(B,A,rawdata);
E.2 Normalization Scripts
normgaitway.m
%normgaitway.m
%This script will normalize the data both to stride time and amplitude
%and save all normalized data files.
%The saved file is in a 3-D matrix format, where row = 101,
%column = 5, and the 3rd dimension represents the number of stride.
function norm_3dmatrix = normgaitway (filename)
global subject day dayl day2 day3 save-gaitway-path j wt threshold duration
global good-force_files RedRight
%%%%%%% column label %%%%%%%%%%%%%%%%%%%%%
time = 1;
leftforce = 2;
left-ax = 3;
leftaz = 4;
right-force = 5;
rigth-ax = 6;
rightaz = 7;
speed = 8;
rf = 9; %rectus femoris (quadriceps)
bf = 10; %biceps femoris (hamstrings)
ta = 11; %tibialis anterior
ga = 12; %gastrocnemius
strain-gauge = 13;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
filter_force_data = filter_force(filename);
filter-emg-data = filteremg(filename);
%fine stride period
if RedRight
a = filterforcedata(:,2); %Right force
b = filter-forcedata(:,l);%Left force
else
a = filterforcedata(:,l); %Right force
b = filterforcedata(:,2);%Left force
end
plot (a);zoom;
title (['Subject: ',subject, ' Day: ',num2str(day), Trial: ',good-force files(j,:)]);
c = axis;
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ymax = c (4);
hold on;
count =0;
for i = 1:length(a)-duration
if a(i) < threshold & a(i+l:i+duration) > threshold
count = count+l;
plot([i,i],[0,ymax],'r:')
stride_start-sample (count) = (i);
end
end
eval( [save ',savegaitwaypath,good-forcefiles(j,:), 'stridetime ', stride_start-sample');
filename(:,left-force) = b;
filename(:,right-force) = a;
filename(:,rf:ga) = filter-emg-data;
%normalize to stride period
want-sample-size = 101;
filterorder = 0;
for i = 1:length(stridestartsample)-l
originalsample-size = length (f ilename (stride_startsample (i):...
stridestartsample(i+1)));
datatostride = resample (f ilename (stridestart_sample (i):...
stride_start-sample(i+l), :) ,wantsamplesize, . ..
originalsamplesize, filter-order);
if i == 1
norm_3dmatrix = data_to_stride;
else
norm_3dmatrix = cat (3, norm_3dmatrix, data-to-stride);
end
end
%normalize to mean of the within subject, within day of
%linear envelop wave form of the normal walk trial.
%Find the mean value of the ensemble average/stride of the normal walk
%Everthing will be normalized to this value.
if j == 1; %convert-gaitwayname == 'walklGOOO1';
avgvalue = mean(norm_3dmatrix(:,:,:),3);
walklG-meanvalue = mean(avgvalue);
eval ( [ ' save ' , save-gaitwaypath, I walklG_mean walklG_mean_value]);
%elseif j == 6; %convertgaitway_name == 'run_1GO0001';
% avg-value = mean(norm_3dmatrix(:,:,:),3);
% runlG_meanvalue = mean(avgvalue);
% eval (save ', save-gaitwaypath, ' runlG_mean runlG_mean_value']);
end
%if j == 2 or j > 7
% eval([load ',save-gaitwaypath, 'runlGjmean']);
% normrtforce = norm_3dmatrix(:,right_force,:)/wt;
% normrf = norm_3dmatrix(: , rf, : ) /runlG_mean-value (rf);
% normbf = norm_3dmatrix(:,bf, :)/runlG-meanvalue(bf);
% norm-ta = norm_3dmatrix(:, ta, :) /runlG_meanvalue (ta) ;
% norm-ga = norm_3 dmatr ix (: , ga, ) /runlGmean-value (ga);
%else
eval([load ',save-gaitwaypath, walklG-mean']);
normrtforce = norm_3dmatrix(:,rightjforce, :)/wt;
norm_rf = norm_3dmatrix (: , rf , : ) /walklGmean_value (rf);
normbf = norm_3dmatrix(:,bf, :)/walklG_meanvalue(bf);
normta = norm_3dmatrix(:,ta, :)/walklG_mean_value(ta);
norm-ga = norm_3dmatrix(:,ga, :)/walklG_mean-value(ga);
%end
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norm_3dmatrix(:,right-force,:) = norm-rtforce;
norm_3dmatrix(: ,rf:ga,:) = [norm-rf,norm-bf,norm-ta,normrga];
norm_3dmatrix(:,6:8,:) = [];%getting rid of time,leftfore,Ax,Az, and speed columns.
norm_3dmatrix(:,l:4,:) = [];
norm-gaitway-altemativeeven.m
%norm.gaitway-alternative_even.m
%This script uses an ALTERNATIVE way to normalize the data both to stride time
%and amplitude and save all normalized data files: Uses speed instead of force
%to tell the hell strike. It picks out the point where the speed of the belt is
%about to slow down, then it picks only the even number of those peaks (pickout ==0)
%The saved file is in a 3-D matrix format, where row = 101,
%column = 5, and the 3rd dimension represents the number of stride.
function norm_3dmatrix = normgaitway (filename)
global subject day dayl day2 day3 save-gaitway-path j wt offset duration startcheck
global bad-force-files RedRight;
%%%%%%% column label %%%%%%%%%%%%%%%%%%%%%
time = 1;
left-force = 2;
left-ax = 3;
left-az = 4;
right-force = 5;
right-ax = 6;
right-az = 7;
speed = 8;
rf = 9; %rectus femoris (quadriceps)
bf = 10;%biceps femoris (hamstrings)
ta = 11;%tibialis anterior
ga = 12;%gastrocnemius
straingauge = 13;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
filterforcedata = filterforce(filename);
filter_emg-data = filter-emg(filename);
speed = filter-speed(filename);
%fine stride period
if RedRight
a = filterforcedata(:,2); %Right force
b = filterforcedata(:,l);%Left force
else
a = filterforcedata(:,l); %Right force
b = filterforcedata(:,2);%Left force
end
plot(a);zoom;
title (['Subject: ',subject,' Day: ',num2str(day),' Trial: ,badforce_files(j,:)M);
c = axis;
ymax = c(4);
hold on;
count = 0;
real-count = 0;
pickout = 0;
for i = startcheck:length(speed)-duration
if speed(i-duration:i-1)<speed(i) & speed(i+l:i+duration)<speed(i)
count = count+1;
pickout = rem(count,2);
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if pickout == 0;
real-count = realcount + 1;
stridestartsample (real-count) = (i);
end
end
end
stride_startsample = stridestartsample-offset;
for i = 1:length(stride-start_sample)
plot( [stridestart_sample(i) ,stride_startsample(i)], [0,ymax], 'r:')
end
eval([ save ',savegaitwaypath,bad force_files(j,:), '_stridetime ',stride_start_sample']);
filename(:,leftforce) = b;
filename(:,rightforce) = a;
filename(:,rf:ga) = filter-emg-data;
%normalize to stride period
want-sample-size = 101;
filter-order = 0;
for i = 1:length(stridestart_sample)-l
original-samplesize = length(filename (stridestart-sample (i):
stride-startsample(i+1)));
datatostride = resample(filename(stride-start-sample(i):...
stride-startsample(i+l),:),wantsamplesize,...
original-samplesize,filter-order);
if i == 1
norm_3dmatrix = data-to-stride;
else
norm_3dmatrix = cat (3, norm_3dmatrix, data_to_stride);
end
end
%normalize to mean of the within subject, within day of
%linear envelop wave form of the normal walk trial.
%Find the mean value of the ensemble average/stride of the normal walk
%Everthing will be normalized to this value.
eval('load ',savegaitwaypath,'walklG-mean']);
normrtforce = norm_3dmatrix(:,rightforce,:)/wt;
normrf = norm_3dmatrix(:,rf, :)/walklG_meanvalue(rf);
norm_bf = norm_3dmatrix(:,bf, :)/walklG_meanvalue(bf);
normta = norm_3dmatrix(:,ta, :)/walklG_meanvalue(ta);
normga = norm_3dmatrix(:,ga, :)/walklG-mean-value(ga);
norm_3dmatrix(:,rightforce,:) = normrtforce;
norm_3dmatrix( :,rf:ga,:) = [norm-rf , normbf ,norm ta, normga ;
norm_3dmatrix(:,6:8,:) = [];%getting rid of time,leftfore,Ax,Az, and speed columns.
norm_3dmatrix(:,l:4,:) = [];
E.3 Analysis Scripts
compare.m
%compare.m
%This script compares the GRF,EMG and Kinematics of each stride of the
%post-exposure walking data with the average EMG of the normal walking data.
%It uses (1) cross-correlation to determine the similarity between the 2 curves;
%it outputs the correlation coefficient and the lag,(2) uses coefficient of
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%variation to determine the variability across the strides of a waveform, and (3) uses
extracted amplitude (i.e. first and second peak values of GRF, integrated LE EMG, and max joint
angles).
clear;
close all;
subijlist = [A';'B';'C';'D';'E';'F';'G';'H';'I';'J';'K';'Li;
%subj-list = ['A'; 'B'; 'C';'D'; 'E'; 'F';'G';'H'; 'I'; 'J'; K'; 'L';'X'; 'Y'];
subjtnum = length(subjjlist);
ylabelgroupI ['1G';'WO'; 'JW';'00'; 'JW';'WO'];
ylabelgroupII = 'lG';'IJW';'W0';'00';'WO';'JW'J;
plot-symbol = ['r. ';'gs'; 'k"'; 'bo'; 'mp';'rd');
%%%%%%%%%%%Control Box%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
analyzegaitway = 1;
analyzeoptotrak = 0;
savevalue = 0;
cvanalysis = 0;
crosscorranalysis = 0;
amp_analysis = 1;
analyzelstNstrides = 1;
N = 10;%number of strides to be analyzed
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
grf = 1;
rf = 2;
bf 3;
ta 4;
ga = 5;
hip = 1;
knee = 2;
ankle = 3;
hipdot = 4;
kneedot = 5;
ankledot = 6;
fignum= 0;
%for subi = 1:subjnum
for subj = 12
subject = subj_list(subj);
if subject == 'XI;
totalday = 3;
else
totalday = 2;
end
meangrfG = 0;
mean_rf_1G = 0;
meanbflG = 0;
meanta_1G = 0;
meangalG = 0;
mean-hip_1G = 0;
mean-knee_1G 0;
meanankle_1G 0;
fignum = fignum+1;
figure(fignum)
for day = 1:totalday
% for day = 1
if day == 1
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dayl = 1;day2 = 0;
elseif day == 2
dayl 0;day2 = 1;
elseif day == 3
dayl = 0;day2 = 0;day3 = 1;
end
disp(['Subject: ',subject,' Day:',num2str(day)]);
eval( [subject, '_fileorder ]);
if analyze-gaitway
loadpath = save-gaitwaypath;
else
loadpath = save-optotrakpath;
end
disp(load-path);
numwalktrl = 6;
for i = 1:num_walktrl
%for i 1:3
if day == 1
subfig = 1;
else
subfig = 2;
end
if subject == 'G' & day == 2 & i == 2
disp(['Skip this file: subject, subject, ', ',convert-gaitwayname(i,:)]);
else
%START ANALYSIS
%%%%%%%%%%%%%%%
if cv_analysis
coeff_variance_analysis
elseif crosscorr_analysis
crosscorranalysis
elseif amp-analysis
amplitudeanalysis
end
end
end %for i
end %for day
if analyze_1stNstrides & analyze-optotrak
figure (fignum)
subplot (313)
ax = axis;
y.sub = 0.99*ax(3);
for i = 1:6;
if day2
if subject < 7
k = text(i-0.65,y-sub,scheduleI(i,:));
else
k = text(i-0.65,y-sub,scheduleII(i,:));
end
set(k, 'Units, 'normalized');
end
end
handle = xlabel('Conditions (Dayl-Day2)');
set(handle, 'Position', [3,0.98*ysub));
set(handle, 'Units', 'normalized');
end
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end %for subj
amplitude-analysis.m
%amplitudeanalysis .m
%This script utilizes amplitude, i.e. either max GRF 1st peak value,
%integrated EMG value per stride, or maximum ankle to compare normal
%walk trial with all post partial-G exposure trials.
%It is called by a script named "compare.m".
scheduleI = ['1G-1G'; 'WO-JW'; 'JW-WO'; '00-00'; 'JW-WO'; 'WO-JW'];
scheduleIl = [1G-1G'; 'JW-WO'; 'WO-JW'; '00-00'; 'WO-JW'; 'JW-WO'l;
eval ( [ load , loadpath, convertgaitwayname (i,:), _normalized ]);
numstride = size (norm_3dmatrix, 3) ;
clear grf-fstpk grf-sndpk time_1peak time_2peak maxhip maxknee maxankle;
clear rf-int bfint ta-int ga-int;
if analyzegaitway
for j = 1:num_stride
[grf_fstpk(j),time_1peak(j)J = max(norm_3dmatrix(1:40,grf,j));
[grf_sndpk(j) ,time_2peak(j)] = max(norm_3dmatrix(40:100,grf,j));
rfint(j) = sum(norm_3dmatrix(:,rf,j));
bf-int(j) = sum(norm_3dmatrix(:,bf,j));
ta-int(j) = sum (norn_3dmatrix(:,ta,j));
ga-int(j) = sum(norm_3dmatrix(:,ga,j));
end
if analyze_1stNstrides
meangrflG = meangrflG;
if subject == 'G' & day == 2 & i == 2
else
if i == 1 & day == 1
grf_fstpk~normave = 1;
meangrf_1G = mean(grf_fstpk(1:N));
grf_fstpk-norm = grf_fstpk(1:N) /meangrflG;
grf_fstpknorm_sem = sem(grffstpknorm);
else
grffstpknorm-ave = mean(grffstpk(1:N))/mean-grflG;
grf_fstpk~norm = grf-fstpk (1:N) /meangrflG;
grf_fstpk~normsem = sem(gr ffstpk-norm);
end
figure(fignum);
subplot (511);
if dayl
errorbar (i-0. 6,grffstpknorm-ave, grffstpknormrsem,grffstpk_norm_sem, 'ob'); hold
on
title('Subject ',subject,' -- GRFJ')
else
errorbar (i-0 . 4, grf-f s tpknorm-ave, grf_f s tpknorm_sem, grf_f stpk_norm_sem, '+r'); hold
on
end %for dayl
%legend('Day 1', 'Day 2');
grid on;
set(gca, 'XTickLabel', [);
if i == 1 & day == 1
rfint_norm-ave = 1;
meanrf_1G = mean(rfint(1:N));
rf-int-norm = rf_int (l:N) /meanrf_1G;
rf_int_norm_sem = sem(rf_intnorm);
else
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rf_int_norm-ave = mean(rf-int (1:N) ) /mean-rflG;
rf_int_norm = rf-int(1:N)/mean-rflG;
rfint_normsem = sem(rf-int-norm);
end
subplot (512);
if dayl
errorbar (i-O. 6, rf_intnormave, rf_int_norm-sem, rf_intnormsem, 'ob') ; hold on
title('Rectus Femoris')
else
errorbar (i-0. 4, rf_intnormave, rf_int_norm sem, rf int_normsem, +r) ; hold on
end %for dayl
grid on;
set(gca, 'XTickLabel',E[);
if i == 1 & day == 1
bfint_norm-ave = 1;
meanbflG = mean(bf-int(:N));
bf_int_norm = bfint(l:N)/meanbf_1G;
bf_int_norm-sem = sem(bfint-norm);
else
bfint_norm-ave = mean (bfint (1:N)) /mean-bflG;
bfint_norm = bfjint(l:N)/mean-bf-lG;
bf_int_norm~sem = sem(bf_int-norm);
end
subplot (513);
if dayl
errorbar(i-0.6,bfint-normave,bfint_norm-sem,bfintnormsem, 'ob'); hold on
title('Bicep Femoris')
else
errorbar (i-0 .4, bf_intnormave, bfint_norm~sem, bfint-norm sem, '+r'); hold on
end %for dayl
grid on;
set(gca,'XTickLabel', [);
ylabel ( [Normalized integrated LE EMG and GRF for First ,num2str (N) , Strides'])
if i == 1 & day == 1
ta_int_norm ave = 1;
mean-ta_1G = mean(ta-int(1:N));
taint_norm = ta int(1:N)/meanta_1G;
ta_int_norm-sem = sem(ta_int-norm);
else
ta_int_norm ave = mean (taint (1:N)) /mean-talG;
taint_norm = ta-int(l:N)/mean_talG;
ta_int_norm sem = sem(taint-norm);
end
subplot (514);
if dayl
errorbar (i-0. 6, taintnorm_ave, tajintnorm sem, ta_intnormsem, 'ob'); hold on
title( 'Tibialis Anterior')
else
errorbar (i-. 4, ta-intnormave, ta_int_norm sem, taint_normsem, '+r'); hold on
end %for dayl
grid on;
set(gca,'XTickLabel, El);
if i == 1 & day == 1
ga_int_normave = 1;
meanga_1G = mean(ga-int(l:N));
ga_int_norm = gaint(l:N)/mean-galG;
gaint_normsem = sem(ga-int-norm);
else
ga_int_normave = mean(ga-int(l:N))/meanga_1G;
ga_int_norm = ga-int(l:N)/meangalG;
ga_intnormsem = sem(gaint-norm);
end
subplot (515);
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if dayl
errorbar(i-0.6,ga-int_norm_ave,ga-intnorm sem,gaint_normsem,'ob'); hold on
title('Gastrocnemius')
else
errorbar(i-0.4,ga-int_norm_ave,ga_intnormsem,ga_int_normsem,'+r'); hold on
end %for dayl
grid on;
if day2
ax = axis;
y-sub = -0.0l*(ax(4)-ax(3));
if subj < 7
k = text(i-0.65,ysub,scheduleI(i,:));
else
k = text(i-0.65,y-sub,scheduleII(i,:));
end
%set(k,'Units','normalized');
handle = xlabel('Conditions (Dayl-Day2)');
set(gca,'XTickLabel', [1);
set(handle, 'Position', [3,ysub-0.1]);
end
end %for if subject == 'G' & day == 2 & i == 2
else
if dayl
subplot(6,2,i+i-1)
else
subplot(6,2,i*2)
end
h(i) = plot(grf_fstpk,plotsymbol(i,:));grid on;
if i == 1
title(['Subject ',subject, ', Day',num2str(day), '-',condition(i,:)]);
elseif i > 1 & day == 1
title((ylabelgroupI(i,:)]);
elseif i> 1 & day == 2
title([ylabelgroupII(i,:)]);
end
if i == 4 & day == 1
ylabel('First Peak Magnitude (BW)')
end
if i -= 6
set(gca,'XTickLabel', []);
end
if i == 6
xlabel('Stride Number')
end
if savevalue
amp = [grf_fstpk;rf-int;bf-int;ta-int;ga_int];
amplitude = amp';
eval(['save ',loadpath,convertgaitway-name(i,:), '_amplitude amplitude -ascii -
double -tabs']);
end
end %for analyze-LstNstrides
elseif analyze-optotrak
for j = l:numstride
maxhip(j) = max(norm_3dmatrix(:,hip,j));
max_knee(j) = max(norm_3dmatrix(:,knee,j));
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max-ankle(j) = max (norm_3dmatrix(: ,ankle, j));
end
if analyze_lstNstrides
meanhipG = mean hip_1G;
if subject == 'G' & day == 2 & i == 2
else
if i == 1 & day == 1
hipnorm-ave 1;
mean-hip_1G = mean(max-hip(l:N));
hip-norm = maxhip(l:N)/mean_hip_1G;
hipnorm-sem = sem(hipnorm);
else
hip-normave = mean(max hip(l:N) ) /mean-hiplG;
hipnorm = max-hip (1: N) /mean_hip_1G;
hipnormsem = sem(hipnorm);
end
figure(fignum);
subplot (311);
if dayl
errorbar (i-0. 6, hip-norm-ave, hipnorm-sem, hipnorm-sem, ob'); hold on
title 'Subject ,subject, ' -- HIP' )
else
errorbar (i-0 .4, hip-norm-ave, hipnormsem, hipnorm-sem, '+r'); hold on
end %for dayl
%legend('Day 1','Day 2');
grid on;
set(gca, 'XTickLabel', [);
if i == 1 & day == 1
kneenormave = 1;
meanknee_1G = mean(max-knee(1:N));
knee_norm = max_knee(1:N) /mean knee_1G;
knee_norm_sem = sem(knee norm);
else
kneenorm_ave = mean (max-knee (1: N) ) /mean-knee_1G;
kneenorm = maxknee (1: N) /mean knee_1G;
kneenormsem = sem(knee-norm);
end
subplot (312);
if dayl
errorbar (i-0. 6, kneenorm ave, knee_normsem, kneenorm-sem,
title ( 'KNEE')
else
lob'); hold on
errorbar (i-O. 4, kneenorm ave, kneenormsem, kneenorm sem, '+r'); hold on
end %for dayl
grid on;
set(gca,'XTickLabel',[]);
ylabel(['Normalized Max Angle for First ',num2str(N),' Strides'])
if i == 1 & day == 1
anklenormave = 1;
mean_anklelG = mean (max-ankle (1:N));
anklenorm = maxankle(l:N)/meananklelG;
anklenormsem = sem(ankle norm);
else
anklenorm ave = mean(max-ankle(:N))/meanankle_1G;
ankle_norm = max_ankle(1:N)/mean_ankle_1G;
ankle-normsem = sem(ankle-norm);
end
subplot (313);
if dayl
errorbar (i-O. 6, ankle norm ave, ankle-norm sem, ankle norm sem, ob); hold on
title( 'ANKLE')
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else
errorbar (i-0.4,ankle-norm-ave, anklenorm sem, anklenorm_sem, '+r'); hold on
end %for dayl
grid on;
set(gca, 'XTickLabel', El);
end %for if subject == 'G' & day == 2 & i == 2
else
subplot (3,2, subfig)
h(i) = plot(maxhip,plot-symbol(i,:));grid on;hold on;
set(gca, 'XTickLabel', []);
if i == 1
title(['Subject ',subject,', Day',num2str(day),'-Hip'));
end
subfig = subfig+2;
subplot(3,2,subfig)
plot(max~knee,plotsymbol(i,:));grid on;hold on;
set(gca, 'XTickLabel', E);
if i == 1 & day == 1
title('Knee');
ylabel('Maximum angle (degree)');
end
subfig = subfig+2;
subplot(3,2,subfig)
plot(maxankle,plotsymbol(i,:));grid on;hold on;
set(gca, 'XTickLabel', []);
if i == 1
title('Ankle');
ylabel('Stride number');
end
if save_value
amp = [max-hip;max-knee;max-ankle];
amplitude = amp';
eval ( ' save ', load_path, convertgaitwayname (i,:), '_amplitude amplitude -ascii -
double -tabs']);
end
end %for analyze_lstNstrides
end %for analyze-gaitway
coeffvarianceanalysis.m
%coeff_varianceanalysis.m
%This script utilizes coefficient of variance to compare normal walk trial
%with all post partial-G exposure trials.
%It is called by a script named "compare.m".
eval(['load ',load_path, convertgaitwayname(i,:),'_normalized']);
numstride = size(norm_3dmatrix,3);
windowwidth = 2; %sliding window width
interval_to_analyze = ':';%analyze 0-100% of a stride
clear grfcv rf_cv bfcv tacv;%clear previous variables so won't get mixed up
for j = 1:numstride-windowwidth
grfcv(j) = cv(norm_3dmatrix(intervaltoanalyze,grf,j:j+windowwidth));
rf-cv(j) = cv(norm_3dmatrix(interval-to-analyze,rf,j:j+window-width));
bf-cv(j) = cv(norm_3dmatrix(intervalto-analyze,bf,j:j+window width));
ta-cv(j) = cv(norm_3dmatrix(interval_to-analyze,ta,j:j+window width));
ga-cv(j) = cv(norm_3dmatrix(intervalto-analyze,ga,j:j+window-width));
end %for j
if analyzejlstNstrides
205
Appendix E: MATLAB Scripts
meangrflG = meangrf_1G;
if i == 1 & day == 1
grfcvnormave = 1;
meangrflG = mean(grfcv(l:N));
grfcv-norm = grf-cv(1:N)/meangrflG;
grf_cvnorm_sem = sem(grf_cv-norm);
else
grfcvnorm_ave = mean(grf-cv(1:N) )/meangrf_1G;
grfcv-norm = grfcv(1:N)/meangrfjG;
grf_cvnormsem = sem(grfcv-norm);
end
figure(fignum);
subplot(511);
if dayl
errorbar(i-0.6,grf_cv_normave,grf-cv norm sem,grfcvnorm sem, 'ob'); hold on
title([Subject ',subject,' -- GRF'])
else
errorbar(i-0.4,grf_cvnormave,grf_cv-normsem,grfcv normsem, I'+r'); hold on
end %for dayl
grid on;
set(gca,'XTickLabel', []);
if i == 1 & day == 1
rfcv_normave = 1;
meanrf_1G = mean(rf-cv(l:N));
rf_cv_norm = rfcv(l:N)/mean-rf_1G;
rf_cv_norm_sem = sem(rf-cv-norm);
else
rfcvnormave = mean(rf-cv(1:N))/mean-rflG;
rfcvnorm = rfcv(1:N)/mean-rflG;
rfcvnormsem = sem(rf-cv norm);
end
subplot(512);
if dayl
errorbar(i-0.6,rf_cv_normave,rfcv-norm-sem,rf_cv_normsem, 'ob'); hold on
title('Rectus Femoris')
else
errorbar (i-O. 4, rf_cvnorm_ave, rf_cv normsem, rf_cvnormsem, +r); hold on
end %for dayl
grid on;
set(gca,'XTickLabel',[1);
if i == 1 & day == 1
bf_cv_normave = 1;
meanbf_1G = mean(bf-cv(l:N));
bfcv_norm = bfcv(1:N)/mean-bflG;
bf_cvnormsem = sem(bfcv-norm);
else
bfcvnorm-ave = mean(bf-cv(l:N))/mean-bflG;
bfcvnorm = bfcv(1:N)/mean-bf_1G;
bfcvnormsem = sem(bfcvnorm);
end
subplot(513);
if dayl
errorbar(i-0.6,bf_cv_norm_ave,bfcv-normsem,bf_cvnorm_sem,'ob'); hold on
title('Bicep Femoris')
else
errorbar(i-0.4,bfcvnormave,bfcvnormsem,bf_cvnorm_sem, '+r'); hold on
end %for dayl
grid on;
set(gca,'XTickLabel', []);
ylabel(['Normalized Average CV for First ',num2str(N),' Strides'])
if i == 1 & day == 1
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ta-cv-normave = 1;
meantalG = mean(ta-cv(l:N));
ta-cv norm = ta-cv(l:N)/mean-ta-lG;
tacvnormsem = sem(ta-cvnorm);
else
tacvnormave = mean(ta-cv(1:N))/mean-ta_1G;
tacvnorm = ta-cv(1:N)/meanta-lG;
tacv_norm_sem = sem(tacvnorm);
end
subplot(514);
if dayl
errorbar (i-0. 6, ta-cvnorm_ave, tacvnorm_sem, ta_cvnorm~sem, ob'); hold on
title('Tibialis Anterior')
else
errorbar (i-O. 4, ta_cv_normave, tacvznormsem, tacv_normsem, '+r'); hold on
end %for dayl
grid on;
set(gca,'XTickLabel',[l);
if i == 1 & day == 1
gacvnormave = 1;
mean-galG = mean(gacv(l:N));
gacv-norm = ga-cv(1:N) /mean-ga_1G;
ga-cv-norm-sem = sem(ga-cv-norm);
else
gacv_normave = mean(ga-cv(1:N))/meanga_1G;
gacvnorm = gacv (1: N) /meanga_1G;
gacvnorm_sem = sem (gacv-norm);
end
subplot(515);
if dayl
errorbar (i-0. 6, ga_cv_norm~ave, gacv-normsem, gacv-norm-sem, 'ob' ); hold on
title('Gastrocnemius')
else
errorbar (i-0. 4, ga_cv_normave, gacv-norm~sem, gacv-norm-sem, '+r' ); hold on
end %for dayl
grid on; ax = axis;
set(gca,'XTickLabel',[]);
xlabel('Conditions');
if day2
y-sub = -.05*(ax(4)-ax(3));
k = text(i-0.55,y-sub,ylabel-groupI(i,:));
set(k, 'Units','normalized');
end
else
subplot(5,2,subfig)
h(i) = plot(grfcv,plotsymbol(i,:));grid on;hold on;
set(gca,'XTickLabel', [I);
if i == 1
title(['Subject ,subject,', Day',num2str(day), '-Vertical GRF']);
end
subfig = subfig+2;
subplot(5,2,subfig)
plot(rf_cv,plotsymbol(i,:));grid on;hold on;
set(gca,'XTickLabel',[E);
if i == 1
title('Rectus femoris');
end
subfig = subfig+2;
subplot(5,2,subfig)
plot(bf_cv,plotsymbol(i,:));grid on;hold on;
set(gca,'XTickLabel', [);
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if i == 1
title('Biceps femoris');
end
if i ==l & day == 1
ylabel('Coefficient of variation (%))
end
subfig = subfig+2;
subplot(5,2,subfig)
plot(ta_cv,plot-symbol(i,:));grid on;hold on;
set(gca,'XTickLabel',[]);
if i == 1
title('Tibialis anterior');
end
subfig = subfig+2;
subplot(5,2,subfig)
plot(ga_cv,plotsymbol(i,:));grid on;hold on;
if i == 1
title('Gastrocnemious');
xlabel('Strice Number');
end
end %for analyzelstNstrides
cv.m
%cv.m
%coefficient of variation
function coeffvar = cv(filename);
numstride = size(filename,3);
num_interval = size(filename,l);
stridestd = std(filename,3);
stridevar = stride_std.^2;
stridemean = mean(filename,3);
coeff-var = 100* (sqrt (sum (stride-var) /numjinterval) / (sum (stride-mean) num_interval));
%References:
%Yang and Winter, Electromyographic amplitud normalization methods: improving
%their sensitivity as diagnostic tools in gait analysis.
%Arch Phys Med Rehabil 65:517-521, 1984.
%Winter, D. A. The biomechanics and motor control of human gait. Pg. 9.
crosscorranalysis.m
%crosscorranalysis.m
%This script utilizes cross correlation to compare normal walk trial
%with all post partial-G exposure trials.
%It is called by a script named "compare.m".
start = 15; %choose a stride number to begin averaging
finish = 50;%choose a stride number to end averaging
duration = 4;%anything stays below the threshold within this
%NUMBER of strides is considered to be settlled.
if analyzegaitway
%average the 1-G walking trial
eval(['load ',load-path, convert-gaitway-name(l,:), '_normalized']);
[force-avg forcesd emgavg emgsdl = averagegaitway(norm_3dmatrix(:, :,start:finish));
gaitwayavg = [forceavg,emg-avg];
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eval (['load ',save-gaitwaypath, convert-gaitwayname (i,:), '_normalized' ]);
num-stride = size (norm_3dmatrix, 3);
clear grf-coeff rf-coeff bfcoeff tacoeff gacoeff;
clear grfjlag rf_lag bfjlag ta_lag gajlag;%clear previous variables so won't get mixed up
%comparing each stride to the 1-G walk average
for j = l:num-stride
grf-xcorr = xcorr(gaitwayavg(:,grf),normn_3dmatrix(:,grf,j));
rfxcorr = xcorr(gaitwayavg(:,rf),norm_3dmatrix(:,rf,j));
bfxcorr = xcorr(gaitwayavg(:,bf),norn_3dmatrix(:,bf,j));
taxcorr = xcorr(gaitwayavg(:,ta),norm_3dmatrix(:,ta,j));
ga-xcorr = xcorr(gaitwayavg(:,ga),norm_3dmatrix(:,ga,j));
[grfcoeff(j),grf_lag(j)) = max(grf_?xcorr);
[rfcoeff(j),rf-lag(j)] = max(rfxcorr);
[bfcoeff(j),bfjlag(j)] = max(bf-xcorr);
[ta coeff(i),tajlag(j)] = max(ta-xcorr);
[gacoeff(j),gajlag(j)] = max(gaxcorr);
end
if save_value
x-corr =
[grfcoeff;rfcoeff;bfcoeff;tacoeff;gacoeff;grflag;rflag;bf-lag;talag;galag);
x_corr = xcorr';
eval([save ',load-path,convertgaitway-name(i,:), 'xcorr xcorr -ascii -double -
tabs']);
else
%thresh_corrmean = mean(corrcoeff);thresh-corrstd = std(corr-coeff);
%thresh_lagjnean = mean (lag); thresh-lagstd = std(lag);
%thresh-corr = [threshcorr_mean+threshcorrstd threshcorrmean-threshcorrstd];
%thresh-lag = [thresh-lag-mean+thresh-lagstd thresh-lagmean-threshlagstd];
subplot (5,2, subfig)
h(i) = plot(grfcoeff,plotsymbol(i,:));grid on;hold on;
set(gca,'XTickLabel', []);
if i == 1
title('Subject ',subject,', Day',num2str(day),'-Vertical GRF']);
end
subfig = subfig+2;
subplot(5,2,subfig)
plot(rf-coeff,plot-symbol(i,:));grid on;hold on;
set(gca,'XTickLabel',[E);
if i == 1
title('Rectus femoris');
end
subfig = subfig+2;
subplot(5,2,subfig)
plot(bf-coeff,plotsymbol(i,:));grid on;hold on;
set(gca,'XTickLabel',[]);
if i == 1
title('Biceps femoris');
end
if i ==1 & day == 1
ylabel('Cross Correlation Coefficient')
end
subfig = subfig+2;
subplot(5,2,subfig)
plot(ta-coeff,plotsymbol(i,:));grid on;hold on;
set(gca,'XTickLabel', [E);
if i == 1
title('Tibialis anterior');
end
subfig = subfig+2;
subplot(5,2,subfig)
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plot(ga-coeff,plotsymbol(i,:));grid on;hold on;
if i == 1
title('Gastrocnemious');
xlabel('Strice Number');
end
end %for save-value
elseif analyzeoptotrak
%average the l-G walking trial
eval(['load ',load-path, convertgaitwayname(l,:),'_normalized']);
[optotrakavg optotraksd] = averageoptotrak(norm3dmatrix(:,:,start:finish));
angle-avg = optotrak-avg(:,hip:ankle);
eval(['load ',save-optotrakpath, convertgaitwayname(i,:),'__normalized']);
numstride = size(norm_3dmatrix,3);
clear hip-lag knee_lag anklejlag;%clear previous variables so won't get mixed up
clear hip-coeff knee-coeff anklecoeff;
for j = 1:num-stride
hipxcorr = xcorr(angleavg(:,hip),norm_3dmatrix(:,hip,j));
kneexcorr = xcorr (angleavg(:,knee),norm_3dmatrix(:,knee, j));
anklexcorr = xcorr(angle-avg(:,ankle),norm_3dmatrix(:,ankle,j));
[hip-coeff(j),hip_lag(j)] = max(hipxcorr);
[kneecoeff(j),knee-lag(j)] = max(kneexcorr);
[ankle-coeff(j),ankle_lag(j)) = max(ankle_xcorr);
end
if savevalue
x_corr = [hipcoeff;kneecoeff;anklecoeff;hiplag;knee-lag;ankle-lag];
x_corr = x-corr';
eval(['save ',loadpath,convertgaitwayname(i,:),'_xcorr xcorr -ascii -double -
tabs');
else
subplot(3,2,subfig)
h(i) = plot(hipcoeff,plotsymbol(i,:));grid on;hold on;
set(gca,'XTickLabel',[]);
if i == 1
title(['Subject ',subject,', Day',num2str(day), '-Hip'));
end
subfig = subfig+2;
subplot(3,2,subfig)
plot(kneecoeff,plot-symbol(i,:));grid on;hold on;
set(gca,'XTickLabel', []);
if i == 1 & day == 1
title('Knee');
ylabel('Maximum angle (degree)');
end
subfig = subfig+2;
subplot(3,2,subfig)
plot(ankle-coeff,plotsymbol(i,:));grid on;hold on;
set(gca,'XTickLabel', []);
if i == 1
title('Ankle');
ylabel('Stride number');
end
end %for savevalue
end %for analyze-optotrak
phaseplane-analysis.m
%phaseplaneanalysis.m
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%This script calculates the std of displacement and velocity magnitudes.
%And uses the two values to define the diameter of the two orthogonal axes
%of an ellipse. The area of this ellipse is presented as an index of the
%variability on the phaseplane. To evaluate the variability over the full
%gait cycle, the cycle is divided into five 20% temporal epochs and the
%variability from each of the 20 samples within each epoch is summed.
%Finally, all values are input into 'SystatMatrix' for statistical analysis.
%Reference: McDonald et al. (1996), Lower limb kinematics during treadmill
%walking after space flight: implications for gaze stabilization.
close all
clear
subj_1ist = ['A'; 'B'; 'C'; 'D'; 'E'; 'F'; 'G'; 'H'; 'I'; 'J'; 'K'; 'L'];
subjnum = length(subjlist);
ylabelgroupI = ['1G000'; '38GW0'; '38GJW'; '38G00'; '38GJW'; '38GW0'I;
ylabelgroupII = ['lGOO'; '38GJW'; '38GW0'; '38G00'; '38GWO'; '38GJW');
t=[0:100];
fignum = 0;
for subj = 1:subjnum
%for subi = 7;
subject = subj-list(subj);
total-day = 2;
for day = 1:totalday
%for day = 1
if day == 1
dayl = 1;day2 = 0;
elseif day == 2
dayl = 0;day2 = 1;
end
disp('Subject: ',subject,' Day:',num2str(day)]);
eval([subject, '_file_order']);
pathname = ['d:\moonwalker\',subject, '\optotrak\day',num2str(day),'\'];
for j = 1:6
eval ('load ',pathname,convert_gaitwayname(j, :), '_normalized']);
(kinavg,kinsd] = averageoptotrak(norm_3dmatrix);
for i = 1:101
hipind(i,j) = pi*kin-sd(i,l)*kinsd(i,4);
knee-ind(i,j) = pi*kin-sd(i,2)*kin-sd(i,5);
ankle-ind(i,j) = pi*kin-sd(i,3)*kinsd(i,6);
end
clear norm_3dmatrix;
end
kinind = (hipind kneeind ankleind];
kin intl = sum(kin-ind(l:21,:));
kinint2 = sum(kin-ind(21:41,:));
kinjint3 = sum(kinjind(41:61,:));
kinint4 = sum(kinjind(61:81,:));
kinint5 = sum(kinjind(81:101,:));
kinreduce = (kin_intl;kinjint2;kin int3;kinjint4;kinint5];
if (subj < 7 & day == 2) 1 (subj > 6 & day == 1)
eval ([subject,num2str(day),' = kinreduce;']);
eval(['a = ',subject,num2str(day), ';'I);
JW1 = a(:,2);
W01 = a(:,3);
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W02 = a(:,5);
JW2 = a(:,6);
a(:,2) = W01;
a(:,3) = JW1;
a(:,5) = JW2;
a(:,6) = W02;
eval([subject,num2str(day),' = a;']);
else
eval( subject,num2str(day), ' = kin-reduce;']);
end
end
end
SystatMatrix = [Al;A2;Bl;B2;C1;C2;Dl;D2;El;E2;Fl;F2; ...
Gl;G2;Hl;H2;Il;I2;Jl;J2;Kl;K2;Ll;L2];
save phaseplane SystatMatrix -ascii -double -tabs;
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